Genomics of consumer traits in chapatti quality by Survase, Abhijeet
1 
 
 
 
 
 
 
Genomics of consumer traits in chapatti quality 
Abhijeet Raosaheb Survase 
Master of Science (Biotechnology) 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2017 
Queensland Alliance for Agriculture and Food Innovation  
2 
 
 
Abstract 
Wheat is a complex domesticated cereal crop, used by humans throughout the globe. 
Wheat is consumed in India and Pakistan in the form of chapatti. Around 90% of the wheat 
produced in India is consumed as chapatti, while the remaining 10% is used for bread, 
biscuits and other products. Despite such large consumption of the product, understanding 
of the physico-chemical and molecular basis of chapatti quality is poor. Chapatti quality 
testing has been mainly based on subjective scoring. A texture analyser (Kieffer rig) used 
for dough rheology testing, was evaluated for use in testing baked chapatti extensibility or 
resistance to extension. Chapatti and bread quality analysis for nine wheat genotypes was 
used to explore the relationships between the quality requirements for these two end 
products. Chapatti quality analysis was performed on 34 diverse wheat genotypes to 
determine the relationships between chapatti scores and the physico-chemical properties of 
the wheat. RNA seq analysis was used to determine the relationship between chapatti 
quality and gene expression in the wheat at 14 DPA.   
Phenotypic analysis of bread and chapatti revealed differing wheat quality 
requirements for chapatti and bread quality. The Kieffer rig chapatti extension measurement 
method was found to be effective in the objective assessment of chapatti quality. The study 
revealed the importance of several physico-chemical parameters for chapatti quality. Wheat 
hardness controls milling, chapatti pliability and overall score. A lower protein (9-13%) is 
desirable in chapatti with lower gluten imparting lower dough strength. The sedimentation 
value did not correlate with the overall chapatti score, whereas it helped in predicting the 
rheological behaviour of the dough. An extensograph and a farinograph were used for 
estimation of rheological performance and revealed that lower dough strength offers better 
end product quality in chapatti production. The extensibility of the dough did not correlate 
with the chapatti quality.  
The transcriptomic data analysis revealed HMW GS Dx5 + Dy10, LMW GS and α- 
gliadins genes were differentially expressed in good and poor chapatti quality wheat, 
contributing to chapatti quality. Transcript analysis also showed that the wheat bread-
making gene was highly down-regulated in genotypes with good chapatti quality.  Overall, 
the genetic requirements of the wheat for bread and those for chapatti quality differed widely.  
The study found large variations in the quality requirements of bread and chapatti, 
making it difficult to breed wheat for good bread and chapatti simultaneously. Much work 
needs to be done for understanding the effect of quantitative expression of candidate genes 
on chapatti and bread quality to help match wheat varieties to chapatti and bread industry 
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needs. The identification of candidate genes for chapatti quality will also support the 
development of marker based screening of wheat for chapatti quality as a major 
development in Indian wheat breeding.  
 
4 
 
 
Declaration by author 
 
This thesis is composed of my original work, and contains no material previously 
published or written by another person except where due reference has been made in the 
text. I have clearly stated the contribution by others to jointly-authored works that I have 
included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including 
statistical assistance, survey design, data analysis, significant technical procedures, 
professional editorial advice, and any other original research work used or reported in my 
thesis. The content of my thesis is the result of work I have carried out since the 
commencement of my research higher degree candidature and does not include a 
substantial part of work that has been submitted to qualify for the award of any other degree 
or diploma in any university or other tertiary institution. I have clearly stated which parts of 
my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the university 
library and, subject to the policy and procedures of The University of Queensland, the thesis 
be made available for research and study in accordance with the Copyright Act 1968 unless 
a period of embargo has been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the 
copyright holder(s) of that material. Where appropriate, I have obtained copyright permission 
from the copyright holder to reproduce material in this thesis. 
 
5 
 
 
Publications during candidature 
 
Chapter 2 has been submitted to Cereal Chemistry as a paper entitled, “Comparison of 
Chapatti and Bread Making Quality of Wheat Genotypes” and is under review. 
  
Publications included in this thesis 
“Comparison of Chapatti and Bread Making Quality of Wheat Genotypes” incorporated as 
Chapter 2. 
 
Contributor Statement of contribution 
Abhijeet Raosaheb Survase  Designed experiments (50%) 
Wrote the paper (60%) 
Agnelo Furtado Designed experiments (20%) 
Wrote and edited the paper (10%) 
Ratnakar Thengane  Wrote and edited the paper (10%) 
Glen Fox Wrote and edited the paper (10%) 
Terence Taylor Designed experiment (10%) 
Robert Henry Designed experiments (10%) 
Wrote and edited the paper (10%) 
 
 
6 
 
 
Contributions by others to the thesis  
 
1. Central Food Technological Research Institiute (CFTRI) provided the report of the 
physico-chemical analysis of the Wheat of Green Gold Seeds (GGS) collection. Glen 
Fox and Terence Taylor provided the bread quality analysis of the same wheat.  
2. Agharkar Research Institute provided the lab space for chapatti quality screening. Dr 
Manoj Oak provided all the help with chapatti quality analysis.  
3. Mahatma Phule Krishi Vidyapeeth, Pune (India) provided the lab facility for chapatti 
analysis of diverse wheat germplasm sourced from Australia.  
4. Green Gold Seeds provided the fields for reproducing wheat for chapatti quality 
analysis.  
5. Dr. Santosh Taware provided necessary mentoring during the Ph.D. candidature.  
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None 
 
7 
 
 
Acknowledgements 
 
Your Ph.D. is hard at first, messy in the middle and gorgeous at the end.  
I would like to thank Prof. Robert Henry, Dr. Agnelo Furtado, and Prof. Ratnakar 
Thengane for being the most venerated guides/teachers in my life. Their enthusiastic efforts 
turned my imagination come to reality. I was blessed to have the most experienced, versatile 
and dynamic personalities as my supervisors in my Ph.D. candidature and they remodelled 
my concept of the ideal teacher. Their much needed mentoring in my academic and personal 
life never let me sway from my research. They always boosted and pushed me towards 
higher levels of research concepts, leading me to take a quantum leap in my research 
aptitude.  
I am also grateful to Glen Fox, Terence Taylor, Dr. Santosh Taware and Dr. Manoj 
Oak, who guided me in the right direction for progress in my research at required times. 
Their role was pivotal during my mid Ph.D. candidature and they also provided me with the 
desired help during my Ph.D. tenure.  
I would like to acknowledge Queensland Alliance for Agriculture and Food 
Innovations (QAAFI) and GGS for providing the platform on which to perform my research 
and without which, this project would never have been possible. Likewise, I appreciate the 
Agharkar Research Institute, Pune and Rahuri Krishi Vidyapeeth, Rahuri for providing me 
with a research lab from their busy lab schedules for carrying out chapatti quality testing. I 
heartily thank these institutes for providing the research facilities for students like me, to help 
us achieve our goals.  
I would like to thank ARC for providing the funds for our ARC-Linkage project and 
also for granting me the scholarship for my Ph.D. I thank Mr Ajeet Mulay for collaborating 
with QAAFI and providing the research opportunity for my Ph.D. research. Mr. Saurabh 
Chaudhari and Mr. Vijay Chaudhari provided all the administration of the project at GGS and 
also provided all the necessary help needed to accomplish our project, which helped me 
immensely.  
I would like to acknowledge Mr. Nitin Gorde and the team at the GGS Biotechnology 
and Breeding Department, who were always with me for any help needed on the farms and 
in the laboratory. Words fall short when describing how Mrs. Annie Morley helped me right 
from lodging my Ph.D. application and arranging all the meetings with my guides, through 
to my final thesis submission. I have never met a more vibrant and versatile lady than her. I 
thank Ravi Nirmal, who was a source of energy in my hard times and always pushed me to 
8 
 
 
be optimistic. I thank Dr. Shubhada Thengane, who took motherly care of me during my final 
thesis preparation in Pune.  
I thank my parents, who were the only reason for my daring to pursue a Ph.D. No 
words can describe their help to me throughout my life. My family has been an inspiration 
to me, perpetuating in me a desire to have a higher education. I finally thank my sisters, who 
had been waiting patiently for a really long time for me to complete my Ph.D. 
This acknowledgement is a token of love to all those who wholeheartedly helped me 
in my Ph.D. tenure and I am definitely indebted to all of them.       
  
9 
 
 
 
Keywords 
chapatti, physico-chemical characters, farinograph, kieffer rig, differential expression, RNA 
Seq, fragrance, EMS 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 060405, Gene Expression (incl. Microarray and other genome-wide 
approaches), 40% 
ANZSRC code: 060199, Biochemistry and Cell Biology not elsewhere classified, 40% 
ANZSRC code: 060102, Bioinformatics, 20 % 
 
 
Fields of Research (FoR) Classification 
FoR code: 0601, Biochemistry and Cell Biology, 60% 
FoR code: 0604, Gene Expression (incl. Microarray and other genome-wide approaches), 
40% 
 
10 
 
 
Table of Contents 
Abstract 2 
Declaration by author 4 
Publications during candidature 5 
Publications included in this thesis 5 
Contributions by others to the thesis 6 
Acknowledgements 7 
Keywords 9 
Australian and New Zealand Standard Research Classifications (ANZSRC) 9 
Fields of Research (FoR) Classification 9 
Table of Contents 10 
List of Figures 14 
List of Tables 15 
List of abbreviations used in thesis 16 
Chapter 1- Literature review 18 
1.1) Wheat cultivation globally 18 
1.2) Wheat cultivation in India 19 
1.3) Origin of wheat 21 
1.4) Evolution of wheat 22 
1.5) End uses of wheat globally 24 
1.6) End uses of wheat in India 24 
1.7) Wheat grain quality 24 
1.8) Wheat dough quality 26 
1.9) Wheat milling quality 27 
1.10) Wheat end product quality 28 
1.11) Molecular basis of wheat quality and wheat genetics 29 
1.12) Molecular tools for selection in wheat breeding 30 
11 
 
 
1.13) Chapatti introduction 32 
1.14) Parameters considered during Chapatti making 33 
1.15) Chapatti making procedure review 42 
1.16) Fragrance as a quality parameter 42 
1.17) Increasing fragrance in wheat by gene knockout 43 
Chapter 2- Comparison of Chapatti and Bread Making Quality of Wheat 
Genotypes 45 
2.1) Introduction 45 
2.2) Materials and method 47 
2.2.1) Plant materials .......................................................................................................................................... 47 
2.2.2) Milling ......................................................................................................................................................... 47 
2.2.3) Physico-chemical tests ............................................................................................................................ 47 
2.2.4) Preparation of dough ............................................................................................................................... 48 
2.2.5) Chapatti making ....................................................................................................................................... 48 
2.2.6) Chapatti scoring ....................................................................................................................................... 48 
2.2.7) Chapatti extensibility measurement using kieffer dough extensibility rig ......................................... 49 
2.2.8) Uniaxial extension of chapatti................................................................................................................. 49 
2.2.9) Bread making ............................................................................................................................................ 49 
2.2.10) SDS PAGE ................................................................................................................................................ 50 
2.2.11) Statistical analysis .................................................................................................................................... 50 
2.3) Results and discussion 51 
2.3.1) Milling of wheat for bread and chapatti making ................................................................................... 51 
2.3.2) Physico-chemical tests ............................................................................................................................ 53 
2.3.3) Chapatti scoring ....................................................................................................................................... 55 
2.3.4) Kieffer dough extensibility testing and uniaxial extensibility for baked chapatti strips ................... 57 
2.3.5) Bread score ............................................................................................................................................... 59 
2.3.6) Comparing chapatti and bread quality .................................................................................................. 59 
2.3.7) Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of wheat cultivars .............. 61 
2.4) Conclusion 63 
Chapter 3- Chapatti quality testing of 34 Australian Winter Cereal 
Collection (AWCC) genotypes and 9 wheat genotypes of Green Gold 
Seeds (GGS) wheat collection 65 
3.1) Introduction 65 
3.2) Materials and method 67 
3.2.1) Seed sample ............................................................................................................................................. 67 
3.2.2) Milling of wheat samples ......................................................................................................................... 68 
3.2.3) Physico-chemical tests ............................................................................................................................ 68 
3.2.4) Chapatti making ....................................................................................................................................... 71 
12 
 
 
3.2.5) Chapatti scoring ....................................................................................................................................... 71 
3.2.6) Statistical analysis .................................................................................................................................... 72 
3.3) Results 72 
3.3.1) Physico-chemical parameters ................................................................................................................ 72 
3.3.2) Chapatti score ........................................................................................................................................... 73 
3.3.3) Correlations between chapatti quality and other attributes ................................................................ 74 
3.4) Discussion 75 
3.5) Conclusion 78 
Chapter 4- Study of differentially expressed genes in good and poor 
chapatti quality 79 
4.1) Introduction 79 
4.2) Materials and methods 80 
4.2.1) Plant materials .......................................................................................................................................... 80 
4.2.1) RNA extraction ......................................................................................................................................... 80 
4.2.3) RNA-Seq analysis and experimental design ........................................................................................ 80 
4.3) Results 81 
4.3.1) Functional annotation .............................................................................................................................. 81 
4.3.2) Differentially expressed upregulated genes in good chapatti as compared to poor chapatti 
quality 82 
4.3.3) Differentially expressed down regulated genes in good chapatti as compared to poor chapatti 
quality 83 
4.3.4) Comparison of genes identified from EDGE test and Proportion test .............................................. 84 
4.3.5) Other differentially expressed sequences ............................................................................................ 84 
4.3.6) Characterization of genes regulating chapatti quality ......................................................................... 86 
4.4) Discussion 87 
4.5) Conclusion 88 
Chapter 5- General Discussion 90 
Bibliography 96 
Appendix 112 
Appendix 1- Comparison of variables used during chapatti making in chapatti test baking 
methods 112 
Appendix 2- Correlation analysis showing significant correlations between traits (based on GGS 
wheat collection) 114 
Appendix 3- Physico-chemical tests of wheat flour and seeds 115 
13 
 
 
Appendix 4- Farinographic analyis of flour to obtain the absorption, development time, stability, 
mixing tolerance index, time to break down the dough and farinograph quality number 118 
Appendix 5- Extensograph analysis of germplasm selected from AWCC and GGS (India) 121 
Appendix 6- Chapatti quality score of all the wheat germplasms selected from AWCC and GGS 
(India) 123 
Appendix 7- Correlation analysis of different physico-chemical and rheological parameters of flour, 
dough and chapatti made from germplasm obtained from AWCC and GGS (India) 126 
Appendix 8- EMS induced mutation for mutant population development 
and screening strategy designing for mutant selections 128 
8.1) Introduction 128 
8.2) Materials 129 
8.3) Methodology 129 
8.3.1) Experiment 1 ........................................................................................................................................... 129 
8.3.2) Experiment 2 ........................................................................................................................................... 131 
8.3.4) Experiment 3 ........................................................................................................................................... 133 
Appendix 9- Strategy for screening the BADH 2 mutant lines 134 
9.1) Background information 134 
9.2) Procedure for finding the putative mutants 136 
9.2.1) DNA extraction and sequencing .......................................................................................................... 136 
9.2.2) PCR amplification of sub-genome specific BADH2 alleles .............................................................. 137 
9.2.2.1) Amplification of the BADH2 gene from the A-genome of wheat ................................................. 137 
9.2.2.2) Amplification of the BADH2 gene from the B-genome of wheat ................................................. 137 
9.2.2.3) Amplification of the BADH2 gene from the D-genome of wheat ................................................. 138 
9.3) Conclusion ................................................................................................................................................... 139 
 
 
14 
 
 
List of Figures 
Figure 1- Wheat production in different states of India, produced in year 2009-2010. 20 
Figure 2- Year wise wheat yield in India from 1950-2001 as per the data obtained from the 
Directorate of Economics and Statistics, Department of Agriculture and Cooperation 
(http://dwd.dacnet.nic.in/wheat_prod1/allndiaarea_prod.htm). 20 
Figure 3- Classification of and nomenclature of Wheat Gluten Proteins. 35 
Figure 4- Pathway from proline to 2- AP via pyrroline when BADH2 is inactive (Red 
arrows) or to γ- amino butyric acid when BADH2 is active (Blue arrows). (Bradbury et al., 
2008) 43 
Figure 5- Puffing of chapatti on a portable gas burner. 1: DSDT 2; 2: Gold Vijay; 3: Gold 
21; 4: Attrack; 5: Gold 23; 6: Gold Bhanudas; 7: Tajan; 8: Gold Madhukar; 9: EGA 
Gregory. 55 
Figure 6- Bread made from nine wheat cultivars showing difference in their loaf volumes. 
1: DSDT 2; 2: Gold Vijay; 3: Gold 21; 4: Attrack; 5: Gold 23; 6: Gold Bhanudas; 7: Tajan; 
8: Gold Madhukar; 9: EGA Gregory. 59 
Figure 7- Volcano plot for differentially expressed genes in poor vs good chapatti quality 
showing significantly differentially expressed genes. 82 
Figure 8- Pie chart showing the distribution of genes from the selected differentially 
expressed genes identified from GO analysis of genes for good and poor chapatti quality.
 85 
Figure 9- Growth response of EMS treated seeds in germination boxes. 130 
Figure 10- EMS growth response curve for seeds grown in germination boxes. 131 
Figure 11- EMS growth response curve for seeds sown and germinated in field. 132 
Figure 12- Details of genotype of mutant lines at M1 generation. 134 
Figure 13 : BADH2 gene structure from the A-genome in wheat. Location of forward and 
reverse primers is shown. 137 
Figure 14 : BADH2 gene structure from the B-genome in wheat. Locations of forward and 
reverse primers are shown. 138 
Figure 15- BADH2 gene structure from the D-genome in wheat. Locations of forward and 
reverse primers are shown. 138 
 
15 
 
 
List of Tables 
Table 1- Production, area, export and yield for the top wheat-producing countries in the 
world. 19 
Table 2- Total income and expenditure by export/import of wheat in India during 2001-
2011. 21 
Table 3- SNP databases and their links 32 
Table 4- Glu-1 score of individual glutenin subunits 37 
Table 5- Particle size distribution of flour using sieves of varying aperture sizes and flour 
recovery in a Buhler mill 52 
Table 6- Physico-chemical characteristics of wheat and wheat flour 54 
Table 7- Chapatti quality scores of wheat cultivars 56 
Table 8- Kieffer dough extensibility rig and uniaxial extension for texture analysis of 
chapatti strips 58 
Table 9- Bread making score of wheat cultivars 60 
Table 10- SDS-PAGE of HMW-GS and Glu-1 scores of 9 wheat cultivars and control 
wheat varieties. 62 
Table 11- Top 10 differentially expressed sequences showing upregulation in good 
chapatti quality as compared to poor chapatti quality. 83 
Table 12- Top 10 differentially expressed sequences showing down regulation in good 
chapatti quality as compared to poor chapatti quality. 84 
Table 13- Differentially expressed functional categories of genes regulating chapatti quality
 85 
Table 14- Germination response of wheat seeds in germination box after treatment 130 
Table 15- Comparison of germination in germination box and in field 132 
 
 
 
 
 
 
16 
 
 
List of abbreviations used in thesis 
 
2-AP 2-Acetyl Pyrroline 
AACC American Association of Cereal Chemistry 
AB-ald 4-Aminobutyraldehyde 
AOAC Association of Official Agricultural Chemists 
AUD Australian Dollar 
AWCC Australian Winter Cereal Centre 
BADH Betaine Aldehyde Dehydrogenase 
BLAST Basic Local Alignment Search Tool 
CFTRI Central Food Technological and Research Institute 
DPA Days Post Anthesis 
EDGE Empirical Analysis of Differential Expression 
EMS Ethyl Methane Sulfonate 
FDR False Discovery Rate 
GGS Green Gold Seeds 
Gli Gliadin 
Glu Glutenin 
GMP Gluten Macro Polymer 
GMR Grain Market Report 
GO Gene Ontology 
GPC Grain Protein Content 
Gsp Grain softness protein 
GxE Genotype by Environment 
HMW-GS High Molecular Weight Glutenin Subunit 
LMW-GS Low Molecular Weight Glutenin Subunit 
M ha Million Hectare 
MAS Marker Assisted Selection 
MT Million Tons 
MTI Mixing Tolerance Index 
MW Molecular Weight 
NGS Next Generation Sequencing 
NCBI National Center for  Biotechnology Information 
17 
 
 
NIR Near-infrared Reflectance 
PAGE Polyacrylamid Gel Electrophoresis 
PCR Polymerase Chain Reaction 
Pina Puroindoline a 
Pinb Puroindoline b 
PRI Pearling Resistance Index 
PSI Particle Size Index 
SDS Sodium Dodecyl Sulfate 
SKCS Single Kernel Characterisation System 
SNP Single Nucleotide Polymorphism 
SSR Simple Sequence Repeats 
TKW Thousand Kernel Weight 
WHI Wheat Hardness Index 
18 
 
 
Chapter 1- Literature review 
 
1.1) Wheat cultivation globally 
Wheat is the most important cereal grain in the world food supply. In the last two 
decades, the place of wheat in the world food economy has increased substantially, 
especially in the developing world (Codina et al., 2012). According to the recent Grain 
Market Report of International Grains Council, (GMR 427 – 23 February 2017), China is the 
largest wheat producer, producing about 130.2 MT of wheat in 2015-16 followed by India, 
producing 86.5 MT. The report also reveals that Europe, USA, Canada, Ukraine and 
Australia are also significant contributors to world wheat production. China has the highest 
wheat production, using 5% of the planet's water resources and 7% of its arable land. Grain 
production increased from about 200 kg per capita in 1949 to about 400 kg in the early 
1990s (Hillman and Davies, 1990). Global production of the major cereal crops of wheat, 
corn, and rice in 2012 was 647 MT, 814 MT and 441MT, respectively (FAO Stat, 2012). 
However, a large proportion of the corn crop is used for feed and fuel, while 93% of rice is 
consumed in the country where it is produced. Wheat provides 20% of humanity’s dietary 
energy supply and serving as the main source of protein in developing nations (Braun et al., 
2010). Globally, the top ten wheat producing countries have nearly 70% of the total land 
under wheat cultivation (144 M ha) (Table 1). This percentage has been consistent since 
1990. Since 1995, the wheat area under cultivation has increased mostly in Russia (2.7 M 
ha), Australia (1.6 M ha) and India (1.2 M ha), although there can be quite large changes in 
areas planted between years due to seasonal and financial conditions (Phillips and Norton, 
2012). 
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Table 1- Production, area, export and yield for the top wheat-producing countries in 
the world. 
Country 
Production 
Million tons 
Area Million 
hectare 
Export 
Million 
tons 
Yield tons per 
hectare 
China 112.10 23.90 0.77 4.69 
India 77.02 27.76 0.16 2.77 
United States 58.70 20.32 27.11 2.89 
Russian Federation 52.26 24.18 12.60 2.15 
France 36.73 5.31 16.03 6.92 
Canada 24.79 9.25 17.01 2.67 
Germany 23.71 3.17 6.42 7.47 
Pakistan 22.57 8.75 0.13 2.58 
Turkey 19.06 8.15 0.27 2.34 
Ukraine 18.30 6.31 6.43 2.86 
Australia 17.92 13.04 13.88 1.36 
United Kingdom 14.83 1.93 2.36 7.66 
Kazakhstan 13.83 12.98 4.09 1.07 
 All the values in Table I are taken as per the data obtained from FAOStat, 2012; Heffer, 2009; IFADATA, 
2012. 
 
1.2) Wheat cultivation in India 
Wheat is a very important cereal crop in India, grown in the month of October–
November through March- April. This fulfils the environmental requirements as optimum 
temperature for sowing is 22°C, 16-22°C for tillering, with a gradual rise in temperature to 
40°C during harvesting (Coventry et al., 2011a). It is cultivated throughout the country, most 
promisingly in Uttar Pradesh and Punjab. Figure 1 describes the production of wheat in 
different states throughout India (Source- Directorate of Economics and Statistics, 
Department of Agriculture and Cooperation.) http://eands.dacnet.nic.in/At_A_Glance-
2011/4.7(b).xls. 
According to the statistics, India is now the second largest producer of wheat in the 
world (FAO Stat, 2012; Heffer, 2009; IFADATA, 2012) and also the second largest populated 
country. Owing to its population, it is also the second largest consumer of wheat after China. 
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Though the second largest producer, India’s grain yield per hectare is very low as compared 
to the UK that produces about three times the yield in India (Table 1). 
 
 
 
Figure 1- Wheat production in different states of India, produced in year 2009-2010. 
 
Figure 2 shows that there has been a rising trend in wheat production in the last 5 
decades and a steep increase in wheat production from 1960 to 1980 owing to the green 
revolution. Since then, however, there has been a declining trend in the production of wheat 
in India.  
 
 
 
Figure 2- Year wise wheat yield in India from 1950-2001 as per the data obtained 
from the Directorate of Economics and Statistics, Department of 
Agriculture and Cooperation 
(http://dwd.dacnet.nic.in/wheat_prod1/allndiaarea_prod.htm). 
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Statistics show that there was a large income from wheat exports in the period 2001 
to 2003, but then decreasing exports and reduced capital income (Table 2) and there was a 
need to import wheat from 2006 onwards. All this demonstrates that, with its growing 
population, wheat production in India is unable to satisfy the market demand for wheat in 
India; hence research on yield has been emphasized (Coventry et al., 2011b) as compared 
to the quality parameters in Indian wheat industry. 
 
 
Table 2- Total income and expenditure by export/import of wheat in India during 
2001-2011. 
Year 
Quantity 
exported 
(MT) 
Value in 
(Million) 
Indian 
rupee 
Value in 
Million 
AUD 
Quantity 
imported 
(MT) 
Value in 
(Million) 
Indian 
rupee 
Value in 
Million 
AUD 
2001-02 2649.38 13302.1 239.59 1.35 8.40 0.151 
2002-03 3671.25 17598.7 316.98 - - - 
2003-04 4093.08 23911.5 430.68 0.46 2.50 0.045 
2004-05 2009.35 14598.2 262.94 - - - 
2005-06 746.18 5575.3 100.42 - - - 
2006-07 46.64 353.5 6.38 6079.56 58504.90 1053.76 
2007-08 0.24 11.2 0.20 1793.21 26575.10 478.66 
2008-09 1.12 14.6 0.26 0.01 0.10 0.0018 
2009-10 0.03 0.5 0.009 164.38 2319.00 41.77 
2010-11 0.44 0.74 0.013 184.28 2363.70 42.57 
The source of the information in Table 2 is from Director General of Commercial Intelligence & Statistics, 
Ministry of Commerce, Kolkata. (http://eands.dacnet.nic.in/At_A_Glance-2011/12.2.xls) 
 
1.3) Origin of wheat 
 Wheat cultivation is thought to have started around 10,000 BC somewhere along the 
Fertile Crescent in the Near East (Hillman and Davies, 1990). The earliest archaeological 
remains of diploid and tetraploid wheat are found from Jarmo, which is a neolithic village 
site in the Kurdish hills of Iraq (Jenkins, 1966). The earliest cultivated wheat were landraces; 
22 
 
 
selection based on superior yield. The earlier selection procedures were non-scientific from 
a breeding perspective, but later, during domestication, selection based on genetic trait 
separated the domestic wheat from its wild relative (Shewry, 2009). 
Wheat genetics is complex compared to the genetics of other domesticated cereals. 
Einkorn wheat (Triticum monococcum) and Triticum urartu (AA) are diploid (AA) wheat with 
two complements of seven chromosomes (2n=14) (Hu et al., 2010). Wild emmer is the result 
of hybridization between two diploid wild grasses, T. urartu and Aegilops searsii or Aegilops 
speltoides. Aegilops searsii has never been identified among present, survived wild grasses, 
but Aegilops speltoides is its closest living relative and research considers Aegilops 
speltoides as a possible donor of the B genome (Porceddu and Lafiandra, 1986). The wild 
emmer was formed by natural selection long before the domestication of wheat was carried 
out. Either domesticated emmer or durum wheat was hybridized with Aegilops tauschii, 
which donated the D genome, thus resulting in hexaploid bread wheat.  
1.4) Evolution of wheat 
Columbus introduced wheat to America in the late 15th century. The earlier cultivation 
of wheat consisted of the mere picking of wheat wherever it grew, but later, around 10000 
B.C., people began to cultivate it for food (Gustafson et al., 2009). Gradually, cultivation and 
breeding developed after people began selecting wheat from the best plants (Nevo et al., 
1988). The initial form of the end use of wheat was porridge, which was comparatively easy 
to cook, but later, different end products like bread, noodles and pasta developed at different 
places in the world. Wheat breeding flourished from the 19th century and thereafter, modern 
wheat breeding produced better wheat varieties from single lines, following Mendelian 
genetics. During the earlier course of wheat evolution, a process of crossing of two lines by 
hand emasculation and then selfing or inbreeding was followed to obtain desired varieties 
through artificial selections (Feldman and Levy, 2012; Gustafson et al., 2009). Hybrids were 
developed through chemical hybridizing agents or through cytoplasmic male sterility 
systems. The major breeding objectives of the newly evolving wheat cultivation were high 
yield, better quality, resistance to diseases and stress tolerance (Gustafson et al., 2009). 
With the domestication of wheat, the selection criteria varied and there were certain 
prominent variations among them. The shattering of seeds is a natural phenomenon for 
seed dispersal in the environment but leads to heavy loss during harvesting. On the other 
hand, the non-shattering trait determined by the mutation at the Br locus in domesticated 
wheat does not disarticulate the spike rachis; thus, it remains intact until harvested. This 
characteristic is controlled by 2 main alleles -Br A2 and Br A3 on the short arm of 
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chromosomes 3A and 3B respectively (Nalam et al., 2006). Thus the shattering of seeds is 
lost in this evolutionary course. The wild type of wheat was a hulled form of wheat in which 
the glumes adhered tightly to the grain as against the free threshing form of domesticated 
wheat. Dominant mutation at the Q locus that modified the effect of recessive mutation at 
the Tg locus, gave the free threshing form of wheat (Dubcovsky and Dvorak, 2007; Shewry, 
2009). Genetic breeding was introduced to modern wheat cultivation from 1960, thereafter 
Norman Borlaug introduced dwarfing genes, which resulted in short stems which reduced 
the lodging of wheat and avoided harvest loss. The process of wheat cultivation shifted to 
emphasize yield improvement and avoid harvest loss.  
Indian wheat cultivation had several issues, like taller growing plant habit, lodging, 
poor tillering, susceptibility to diseases and poor adaptability to thermo and photo variations 
which reduced the crop yield. Hence, a commission was appointed in 1961 by the 
Government of India to assess these issues (Swaminathan, 2009). The discovery of semi-
dwarfing genes Rht1 and Rht2 from the Norin 10 wheat variety opened new doors to evolve 
new wheat varieties in India, with better yield and reduced lodging loss. The result was 
higher production and higher harvest index. Sonora-63, Sonora-64, S-227, Lerma Rojo 64-
A and Mayo-64, along-with around 200 other breeding lines of dwarf wheat varieties, were 
introduced in India (Swaminathan, 2009). About 0.4 million hectares were planted with 
18000 tons of Lerma Rojo 64-A in 1966, which marked a visual breakthrough in the increase 
in productivity. Unacceptable chapatti quality characteristics (e.g. the deep red colour of the 
grains) generated reluctance in cultivating those varieties. Alternative varieties were sourced 
from Mexico, namely S227, S308, S307, for advanced breeding and were found to give 
amber coloured grain, high yield and disease resistance (Dalrymple, 1974). The real 
momentum of wheat development was gained as amber or white grain genotypes like 
Kalyan Sona, Sonalika, Safed Lerma, and Choti Lerma were produced in 1967 (Dalrymple, 
1974), which marked the Wheat Revolution in India. The High Yielding Varieties Programme 
was started by the Government of India during 1966-67, which brought about 12.8 million 
hectares of land under wheat cultivation (Chakravarti, 1973). Thereafter, high yielding and 
disease resistant varieties were released that suited various ecological and growing 
conditions in India. Lok-1, PBW-154, HI-8381, KR:-19, GW-273, UP-262, HD-2009, HP-
1102 and many more wheat varieties were released in India and became popular in different 
regions, increasing the wheat production in many regions of India.  
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1.5) End uses of wheat globally 
Whole wheat contains numerous nutritive components including carbohydrates, 
proteins, lipids and dietary fibres, which have potential health benefits (Brouns et al., 2012). 
Wheat is processed as a raw material for preparing many different finished products. After 
milling, wheat is generally available as wheat bran, wheat middling, wheat germ, wheat germ 
oil, refined white flour, semolina and fresh ground whole wheat flour. These milling products 
are used to produce noodles, bread, biscuits, cookies, cakes, tortillas, pastas, pastries, 
doughnuts, hot dog buns and pizza crusts (Day et al., 2006). 
Commercial manufacture of wheat starch and vital wheat gluten is achieved by the 
physical separation of starch granules and gluten particles formed in a neutral aqueous 
system (Sayaslan, 2004). Wheat bran is used in breakfast cereals and bakeries as a source 
of dietary supplement (Xie et al., 2008). The word ‘bread’ collectively describes a range of 
“pan bread” and “flat bread” products. Flat breads are popular in the Middle Eastern and 
South East Asian countries. The most popular Asian flat breads are chapatti, naan, puri, roti, 
which are made from unleavened whole wheat flour. These extensive uses illustrate the 
commercial importance of this cereal. 
1.6) End uses of wheat in India 
In India, wheat is consumed mostly as chapatti, which is made from unleavened 
wheat dough derived from whole grain flour, sheeted flat and then baked on pans until it 
puffs (Prabhasankar et al., 2002).  Similar products of wheat, namely naan, roti, puri, fulka 
and parathas made with appropriate wheat flour, are widely eaten in India. Semolina is 
frequently used at breakfast meals and in Maharashtra; a sweet recipe of it is always used 
as ‘Prasad’ in the Hindu religion for the worship of deities. Similarly, a coarsely ground 
wheat, bulgur, is used to prepare several delicacies in India. Bakery products like bread, 
toast, khari, cookies, cakes, pastries, and biscuits called nankhatai are relished throughout 
India. Pasta and noodles are also made and eaten in several regions of India. A more recent 
introduction to the market has been wheat puffs made from whole wheat. 
1.7) Wheat grain quality 
The quality of the wheat is the result of GxE interactions, but the expression of genetic 
characters is mostly affected by variation in the environment. The individual kernel chemical 
composition determines the properties of the flour; most of these properties are due to GxE 
interactions (Junko et al., 2003) and highly affected by any environmental stress. 
Environmental stress can roughly be classified as biotic and abiotic stress. The biotic stress 
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includes the diseases caused by biotic factors like the microbes or insect pests or viruses; 
and abiotic stress factors include both physical stress like temperature, wind, rainfall and 
drought and chemical stress like salinity, pollution and pesticides. During the course of 
evolution in Indian wheat breeding, the translocation of the 1RS chromosome arm of Secale 
cereal L. to the long arm of the Group One chromosome of wheat (1AL, 1BL and 1DL), 
proved an important source for agronomic and resistance improvement (Sreeramulu and 
Singh, 1994). It increased production by providing resistance to leaf rust, stripe rust, stem 
rust and powdery mildew, enhanced grain yield, grain size and root biomass (Bullrich et al., 
1998). However, the Sec-1 locus coding for ω- secalin hampers the wheat quality by 
reducing the dough strength and increasing the stickiness in the dough (Li et al., 2016). The 
1BL-1RS rye translocation removes the long arm of the Group one chromosome coding for 
LMW-GS, replacing it with the 1R segment from the rye. Thus, the total gluten content in 
wheat is reduced (Graybosch, 2001). Indian wheat has been bred mainly for yield and 
agronomic character improvement since the green revolution. Hence, most of the Indian 
genotypes carry the 1BL-1RS rye translocation (Kumar et al., 2003). This can be a major 
reason for differences in the quality of the wheat for bread and chapatti making. 
The quality of the wheat kernel is generally assessed when the wheat is grown under 
optimum climatic conditions. Under such circumstances, the wheat chemical composition is 
measured and tested to find the suitability of that wheat for a specific end product. The 
kernel starch, protein and lipid content are genetic determinants of grain quality, though 
environmental stress significantly changes the agronomic characters, grain characters as 
well as yield (Rafi, 1994). Deficiency of sulphur in soil affects the quality of flour; due to the 
sulphur deficient glutenin and gliadins subunits (Flæte et al., 2005). The optimum 
temperature for the anthesis and grain filling of wheat is 12-22 °C. High temperatures during 
the grain filling stage cause a reduction in the grain size and grain number in the spike and 
a decrease in the starch content (Muhammad et al., 2011). Heat shock during the grain 
filling stage can lead to weakening of the dough, thereby reducing its commercial value 
(Corbellini et al., 1997).  
Wheat grain quality is determined by 1000-kernel weight (TKW), test weight, 
virtuousness, ash content, protein content, pigment content, SDS sedimentation test, grain 
hardness and the moisture content, all of which are affected by the environment. The wheat 
trade is dependent on differentiating between wheat types with respect to the hardness or 
softness of the grain, its winter or spring habit, red or white bran colour and protein content 
(Cracknell and Williams, 2004). These properties, too, are influenced by a combination of 
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genetic and environmental factors (genotype [G] and environment [E] and the interaction of 
G x E) (Yagdi et al., 2011). In India, the quality of wheat in the market is still assessed by 
the empirical methods of testing the weight of the wheat sample in the hand, by colour and 
lustre observation, and by the force required to break the kernel. The falling number is an 
important test designating amylase contamination from biological sources (Fusarium 
culmorum) or sprout damage, which renders a reduction in the quality of the dough derived 
from the wheat flour (Wang et al., 2008; Codina et al., 2012). The sprout damage first 
becomes visible by the rupturing of the bran layer surrounding the embryo; hence the falling 
number test is done to find the endosperm quality during harvest time (Wu and Carver, 
1999). The falling number is brought about by the moisture content, and a good quality grain 
must have lower levels of moisture for prolonged storage. On the other hand, 13-15% of 
moisture is maintained for a profitable milling. Physical parameters like size, shape, lustre, 
colour, grain disease, sprout damage, shriveledness and weevilledness also have a 
profound effect on the market value of wheat and consumer acceptance (Kim et al., 2012). 
Wheat flour that imparts desired dough properties, bread loaf volume, texture and structure 
due to the gluten protein fraction (Delcour et al., 2012), is also an important consideration 
of wheat grain output. 
 
1.8) Wheat dough quality 
Wheat dough quality requirements vary according to countries and the end product 
to be prepared. For chapattis, dough properties like elasticity, extensibility, water absorption 
and retaining capacity are the most important characteristics. Dough colour and aroma are 
also important while preparing any end product. Different tests are performed to measure 
each specific physico-chemical/ rheological character and estimate the quality of the end 
product. Gluten protein is a major factor in the starchy wheat endosperm which is brought 
together during the dough mixing to form a gluten polymer (Anjum et al., 2007).  This glutenin 
protein forms a continuous matrix in the starchy endosperm and is responsible for the 
viscoelastic characteristic of wheat flour during mixing (Anjum et al., 2007). Dough strength 
is a desirable characteristic (Wooding et al., 1999). Dough strength and stability are imparted 
to the dough by high molecular weight glutenin subunits in the wheat (Beasley et al., 2002). 
However, the amount of dough strength required varies as per the end product to be 
prepared. Research needs to be done to find the relation between dough requirements for 
chapatti and bread. Rheological characters and end user properties are influenced by the 
protein content of the flour (Uthayakumaran and Lukow, 2003). The high molecular weight 
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glutenin subunit (HMW-GS) proteins are the determinants of dough strength and stability 
(Beasley et al., 2002). A correlation exists between the glutenin macropolymer and the 
wheat quality and dough rheological properties (Don et al., 2003). Fido et al. (1997) isolated 
and purified individual groups of gliadins (α-, beta-, γ-, ω-1 and ω-2) and observed all to be 
reducing the dough strength on addition to flour. Uthayakumaran et al., (2001) also observed 
that the added gliadin fractions decreased the mixing time, peak resistance, maximum 
resistance to extension, and loaf height, and increased resistance breakdown and 
extensibility.  The rheological tests are the most commonly used test to determine the quality 
of the flour. The rheological parameters like amount of water required for making the dough, 
effect of ingredients on mixing properties, finding flour mixing requirements and parameters, 
extensibility of dough, and the resistance to extension of the dough, can be measured using 
a farinograph or extensograph to estimate the grain/dough quality. The results can also help 
us predict processing effects, including mixing requirements for dough development, 
tolerance to over-mixing, and dough consistency during production. Hence, rheological tests 
offer an early assessment of the genotype in wheat quality testing. 
1.9) Wheat milling quality 
Milling and processing characters of wheat are controlled by the kernel hardness, 
weight, size, tempering, milling equipment, milling technique, bran friability, kernel shape, 
etc. (Neethirajan et al., 2006; Ohm et al., 1998; Sarkar & Dexter, 2016; Wang et al., 2012). 
In wheat, variation in texture is controlled mostly by a single locus comprised of the 
Puroindoline a (Pin a), Puroindoline b (Pin b) and Grain Softness Protein-1 (Gsp-1) genes. 
Puroindolines determine whether the wheat is hard or soft textured (Beecher et al., 2002). 
Puroindolines are basic, amphiphilic, having an inclination to bind to lipids and membranes. 
While Pin a binds more closely to wheat phospholipids and glycolipids, Pin b interacts only 
with negatively charged phospholipids (Amiour et al., 2003). Bhave and Morris, (2008) also 
support the claim that the protein products of these genes interact with lipids and are 
associated with the surface of isolated starch. Chen et al., (2007) found that a genotype with 
Pinb-D1b allele imparts better milling character and lower flour ash content as compared to 
wheat of genotype Pina-D1b. Ramirez et al., (2003) did not observe any correlation between 
friabilin and hardness of wheat, thus suggesting no direct involvement of these proteins in 
grain texture, but a possible positive correlation with baking quality. The quality of the milled 
flour depends on whether bran contamination is found or not. Tempering is a phenomenon 
in which the wheat is moistened to 14-15% or as required (Haros et al., 2002). This toughens 
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the bran and makes it leathery and facilitates easy recovery of germ from the wheat with 
little bran contamination in it. Moreover, less energy is required for milling tempered wheat 
(Dobraszczyk, 1994). Edwards et al., (2008) postulate that higher milling quality results from 
more evenly graded granule size distribution and it appears to be genetically controlled. 
Research has revealed that the addition of different enzymes such as cellulase, xylanase 
and beta-glucanase to the water used for tempering further enhances the quality of the flour 
(Haros et al., 2002) and efficient recovery of germ from bran. 
The damaged starch is small particulate starch broken away from main starch 
granules resulting due to the scratching effect of the milling process in grooved stone mills 
(Ghodke et al., 2009). Milling of hard wheat generally results in high damaged starch 
(Qarooni et al., 1993). When concerned with chapatti making, a significant amount of 
damaged starch in the flour is desirable as it increases the water absorption and freshness 
of the chapatti (Haridas Rao et al., 1986). Kim et al., (2012) found that the micro-particulated 
wheat bran, formed by milling in a jet mill and substituting for a portion of wheat flour, 
increased the water holding capacity, hardness and springiness while decreasing the 
swelling property. The dough damaged starch is the key to chapatti making and can be 
obtained by reducing the feed rate and distance between the plates of the disc mill (Ghodke 
et al., 2009). Although there have been advances in milling technologies, only 70-80% 
extraction is done (Campbell et al., 2007) as higher extraction results in bran contamination. 
The whole wheat flour for chapatti is obtained from the stone disc mill and then used as 
whole wheat or is further sieved and 2-5% bran is removed.  
1.10) Wheat end product quality 
Chapatti is flat bread, made by rolling the dough into circular sheets and then baking 
it on both sides, and finally flame heating it to puff ( Haridas Rao et al., 1986). It is a simple 
method but expertise is required while rolling the dough into circular sheets. The dough is 
rested for 10-20 min after mixing for hydration. Salt is optionally used as per taste 
requirements. Nominal oil or butter is used occasionally in the dough or while baking in the 
pan. Chapatti is flame baked to puff fully until both laminae separate out by puffing. Unlike 
chapatti making, bread is made by leavening dough with Saccharomyces cerevisiae to allow 
fermentation of dough sugars. The CO2 liberated during this process and water vapors are 
trapped in the crumbs while the dough is rising and raise the dough (Mondal and Datta, 
2008). Chapatti is hand rolled using a roller and baked to puff in the least possible time, as 
against bread making which needs time for leavening, baking and cooling. The bread quality 
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attributes included loaf volume, bake mix time, bake water absorption, and crumb grain 
score (Dowell et al., 2008); whereas chapatti quality includes puffiness, texture, colour, 
pliability, fragrance and mouth feel (Haridas Rao et al., 1986).  
1.11) Molecular basis of wheat quality and wheat genetics 
Significant work has been done to determine the alleles responsible for bread 
making. Each wheat cultivar possesses 3 to 5 HMW-GS all of which are encoded by the 
Glu-1 locus on the long arm of Group 1 chromosome (1A, 1B and 1D) (Payne et al., 1987). 
In hexaploid wheat, the y-type subunit coded at chromosome 1A is generally absent 
(Harberd et al., 1987; Gu et al., 2004b; Halford et al., 1989). The HMW-GS is made up of x 
and y type subunits, wherein the x type shows slower electrophoretic mobility (Payne et al., 
1981; Anjum et al., 2007) as compared to the y type. The actual position of the HMW-GS 
genes on the long arms of the group 1 chromosome is not clearly known, but it is clear from 
segregation studies that the genes for the 1Dx and 1Dy subunits are tightly linked, as are 
those of the 1 Bx and 1 By subunits (Payne et al., 1981). Payne et al., (1987) framed a Glu1 
score with respect to bread making performance and established a marking system for the 
glutenin alleles. They also mentioned how the 1B/1R rye translocation affects bread making 
by rendering it sticky. Stickiness is also undesired in the dough for chapatti making. 
Sreeramulu et al., (2004) compared the effect of different HMW-GS (High Molecular Weight 
Glutenin Subunit) expressed in chapatti. The Glu-Blx20, together with Glu-Al null alleles, 
contributed significantly to the pliability of chapatti and can be considered as a marker for 
chapatti quality (Anjum et al., 2000; Srivastava et al., 2003). These studies reveal that 
chapatti and bread making are very different from each other and cannot be correlated. 
There is limited knowledge on the effect of HMW-GS on chapatti making and the available 
data still needs validation.  
Gliadins are made up of 5 subgroups (ω1, ω2, α, β, and ɣ) and functions in reducing 
dough strength (Clarke et al., 2003). In chapatti, gliadins are found to increase the 
extensibility of dough (Paterson and Piggott, 2006). Khatkar et al., (2002) found gliadins to 
positively affect the bread loaf volume, while Uthayakumaran et al., (2001) found 
contradictory results. Prabhasankar (2002) proposed that chapatti making quality is relative 
to lower levels of gliadin content, whereas (Ram and Nigam, 1982) proposed quantity of 
glutenin, gliadins and residual proteins as responsible for good chapatti quality. The effect 
of the gliadins on chapatti making has yet to be validated by using an extended set of 
genotypes.  
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Genes encoding friabilin are closely linked to the Ha locus (Jolly et al., 1993). Friabilin 
is made up of PinA and PinB proteins (Hogg et al., 2004). These Puroindoline proteins have 
a unique tryptophan-rich domain that is thought to be involved in the binding of phospholipids 
on the surface of starch granules (Gautier et al., 1994). Puroindolines are lipid binding 
proteins, and are strongly linked to dough forming properties and to fine crumb texture 
(Amiour et al., 2002). The Pinb-D1b allele is specifically important in good milling 
performance. Most of the references mention milling from the bread making perspective, but 
chapatti making requires milling with high damaged starch and has not been extensively 
studied (Ghodke et al., 2009). The molecular basis of chapatti quality remains poorly 
studied.  
1.12) Molecular tools for selection in wheat breeding 
The most important aspects of molecular breeding are the identification of candidate 
genes and later harnessing those genes for breeding better quality wheat varieties. The 
primary need is the identification of the candidate genes, which can be done by associating 
the quality with differential expression of the transcripts for specific traits. The seed has three 
major stages of transition of gene expression, the major stage being 10 Days Post Anthesis 
(DPA). Cell division, expansion and differentiation occur at this stage to form milky 
endosperm. Later, the second major transition is the accumulation of proteins, which occurs 
at 14 DPA. This is the stage of transcript abundance. The third major transition is 30 DPA, 
where storage reserves decrease and seed maturation starts. Hence, the sequence of the 
transcripts at 14 DPA designates all the coding sequences and their expression levels in 
wheat. Association genetics can be done using the sequence data to find the associated 
candidate genes for a particular character in the wheat. Transcriptome analysis has been 
used for identification of many candidate genes in wheat, though limited work has been 
reported in chapatti quality study.  
The rate of growth of production of wheat is not in equation with rate of population 
rise in India. Decreasing the farm yield losses, developing disease resistance and cultivating 
high yielding wheat are the means of sufficing the wheat demand in India. MAS (Marker 
Assisted Selection) is proving beneficial for obtaining desired results in the form of yield 
(Kobiljski et al., 2007) or disease resistance (Miedaner and Korzun, 2012). Marker-trait 
associations are found in many monogenic traits, but for polygenic traits like yield, Marker 
Assisted Recurrent Selection of Genome Wide Association is applied (Gupta et al., 2010). 
The molecular markers were first discovered in the 1920s with the use of iso-enzymes; later, 
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there was frequent use until the 1980s and then with the advent of RFLPs, the use of iso-
enzymes became widespread (Henry and Edwards, 2009). Molecular biologists endeavour 
to develop economical and effective techniques and tools to tag only the desired regions of 
the genome carrying trait of agronomic importance. SNP (single nucleotide polymorphism) 
markers are now increasingly applied in molecular genetic studies (Kozlova et al., 2009). 
The high rate of SNP in plant or animal genomes and the automation in polymorphism 
analysis of SNP loci renders it a promising class of markers for high density molecular 
genetic map construction, marker–trait associations in association mapping experiments, 
molecular trait diagnostics or analysis of genetic resources (Zhao et al., 2007; Kozlova et 
al., 2009). Studies on structural gene mapping by SNP analysis demonstrate the efficacy of 
SNP markers (Boisson et al., 2005). For SNP identification, the first step is the sequence 
data which can be in the form of sequenced fragments of genomic DNA or cDNA. After 
obtaining the sequence data for the species, a reference sequence is chosen to map 
sequence reads to the reference sequence using a homology search tool. Every individual 
species has a slight variation in its sequence and this variation is called polymorphism and 
is caused by mutations.  These mutations may be simple, caused due to point mutation 
causing variation in the nitrogen bases. A multiplex sequencing method is proposed to 
speed up the sequencing of large genomes by the pooling of multiplexing multiple samples 
simultaneously, thus reducing the time required (Beck, 1993). The advent of high throughput 
multiplexing and economical genotyping using chips or arrays, has increased interest 
among molecular biologists for SNP marker development (Hiremath et al., 2012). Since 
these SNPs can be converted into genetic markers (Gut, 2001), SNP genotyping platforms 
and SNP-development and discovery are receiving increasing consideration. Microarray 
based SNP genotyping can be done by GeneChip®, APEX, OLA and EF Microarray (Komar, 
2009). The SNP markers are usually identified through sequence comparison of line or 
variety with a reference sequence, or by bioinformatics analysis of EST data from databases 
(Rafalski, 2002). 
Table 3 shows the tools available to use as Web-based search systems or stand-alone 
programs that can help to make directed searches of the databases (Komar, 2009).  
1. NCBI tools: dbSNP-announce, MyNCBI, MapViewer, and Genome Workbench. 
2. Checking SNP assay primer designs: BLAST and Santa Cruz, In Silico PCR. 
3. Mapping SNPs and mutations in genes: SNPper. 
4. Exploring the effect of SNPs on gene action: PupaSuite, Polyphen, and ESEfinder. 
5. Using SNP haplotypes to detect signatures of selection: Haplotter and SWEEPTM 
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Table 3- SNP databases and their links 
Database Host organisation Links to databases 
dbSNP  NCBI http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp 
HapMap  The HapMap 
Consortium 
http://www.hapmap.org/cgi-perl/gbrowse/ 
Santa Cruz  University of 
California, Santa 
Cruz 
http://genome.ucsc.edu/cgi-bin/hgGateway 
Perlegen   Perlegen 
Sciences 
http://genome.perlegen.com/browser/index_v2.html 
Assays-on-
Demand 
Applera (Applied 
Biosystems) 
https://products.appliedbiosystems.com/ab/en/US/adirect/ab? 
cmd=ABGTKeywordSearch&catID=600769 
SeattleSNPs   US NHLBI (PGA) http://gvs.gs.washington.edu/GVS/ 
  
1.13) Chapatti introduction 
Compared to bread, chapatti is not eaten by a large population around the globe and 
is popular only in some Asian countries. Chapatti is the staple food of India and Pakistan 
(Rehman et al., 2007a). As compared to bread making tests, chapatti making tests are still 
to be standardized with respect to baking technique, quality parameters to be assessed or 
marker for specific allele responsible for chapatti making. Chapatti is made from whole 
wheat flour, though some prefer making it from 95% extracted flour (Hatcher et al., 1997). 
A soft, pliable, sweet, soft textured chapatti which can retain its freshness for at least 5 hours 
can be considered as a good chapatti. There hasn’t been any commercial automation in 
chapatti making as found in bread making because chapatti is not produced as a commercial 
product and there has been no advancement in research for commercialization of chapatti. 
Gurushree et al., (2011) mentioned a chapatti press machine but the mouth-feel of the 
chapatti produced by it was significantly affected by the mechanisation. Many researchers 
have endeavoured to develop a robust chapatti-making test and have listed the quality 
parameters of their studies. Not all the tests cover all the aspects of chapatti making. Hence, 
a comparative analysis of the tests in chapatti making was done in this research.  
Chapatti making includes complex interactions of glutenin, gliadin damaged starch, 
residual protein and water, which together contribute to the final texture, taste and 
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appearance of the chapatti. It has to be made from whole wheat flour, as low extraction flour 
is less suitable for chapatti making (Hatcher et al., 1997) and the high level of flour extraction 
by disc mill causes an increase in the level of damaged starch, which is favourable for 
chapatti making. The literature review reveals that Rehman et al., (2007a), Dhaliwal et al., 
(1996), Ram and Nigam, (1982), Safdar et al., (2009), Srivastava et al., (2002), Shaikh et 
al., (2007) and Haridas Rao et al., (1986) have reported chapatti making and some relevant 
tests for quality screening. These tests are compared below to find the most appropriate and 
robust method for chapatti making and to find their pros and cons to aid in the modification 
of tests for chapatti test standardization. 
Chapatti is made by preparing the dough, rolling the sheet into a circular disc of more 
than 15 cm and then baking it for different intervals of time on both sides. Many factors affect 
the chapatti quality, right from selection of wheat to its making procedure. Traditionally, flour 
was obtained from hand driven disc mills, which are now replaced by electronically powered 
commercial mills. During wheat milling in these commercial mills, the moisture content is 
estimated and the wheat is tempered for moisture adjustment to 14% (Dhaliwal et al., 1996; 
Rehman et al., 2007a). Nowadays, packaged whole wheat flour is made available through 
these electronically powered commercial mills. Plate mills are generally used for wheat 
milling in India as they yield flour with maximum damaged starch content. This gives better 
chapatti as compared to flour obtained from any other type of mills (Prabhasankar and 
Haridas Rao, 2001). Whole wheat flour is used for chapatti making and so, the flour colour 
mostly is determined by the seed coat colour (Dhaliwal et al., 1996). As the extraction rate 
increases, the flour tends to decrease in brightness (Hatcher et al., 1997) as the bran 
contamination increases, which influences the flour colour change (Kathy et al., 2013). The 
chapatti is made from whole wheat or can also be made by removing some bran after sifting.  
1.14) Parameters considered during Chapatti making 
Various flour and dough properties contribute to the quality of chapatti making. It is 
important to assess the physico-chemical and rheological parameters of wheat to study the 
genetic association and physical relation to individual chapatti quality attributes. Following 
are the factors that affect the chapatti quality.  
1.14.1) Protein content 
Generally, high flour protein gives good baking quality, but there are differences in 
this due to the nature of the protein and hence protein itself cannot be the sole factor in 
predicting product quality (Hoseney and Smewing, 1999). Srivastava et al., (2003b) and 
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Ram and Nigam, (1982) have reported the significance of protein in chapatti quality. It 
contributes to the tearing parameter of chapatti (Hatcher et al., 1997). It is found to affect 
the dough properties (Rehman et al., 2007a; Rehman et al., 2007b). It has a significant 
inverse co-relation with chapatti colour, while the brightness decreases with increase in 
protein content (Hatcher et al., 1997; Srivastava et al., 2003). Dough stability is the 
difference between the time when the curve first intercepts the 500BU line (arrival time) and 
the time when the curve leaves the 500BU line (departure time). The higher the dough 
stability time, the more stable is the dough. Total protein is responsible for dough stability 
and has a positive correlation, while it has an inverse correlation with tearing force (Hatcher 
et al., 1997). Rehman et al. (2007b), Srivastava et al., (2003b) and Rehman et al., (2007a) 
reported proteins having a positive correlation with water absorption. Wheat total protein 
also has a positive correlation with extensibility and chapatti texture (Rehman et al., 2007a). 
Total protein is responsible for dough development time and bears a positive correlation 
with it (Rehman et al., 2007a; Rehman et al., 2007b). A high protein proportion also gives 
chewiness to chapatti (Srivastava et al., 2003). Most importantly, it gives a positive 
correlation with the physical parameters, like chapatti puffed height and an overall chapatti 
score (Srivastava et al., 2003; Paterson and Piggott, 2006). Prabhasankar (2002) observed 
that albumin and globulins do not contribute to chapatti quality. The protein content is 
independent of gluten strength, so both are very important and independent entities (Safdar 
et al., 2009). This overall review describes the importance of protein estimation for prediction 
of chapatti quality. 
1.14.2) Gluten 
Wheat gluten makes up 80-85% of wheat total protein, imparting extensibility and 
elasticity to the dough. HMW-GS behaves like elastic and imparts a stretchy quality to the 
dough (Tatham and Shewry, 2008). Extensibility is the spreading of the dough when 
sheeted. Gliadins and glutenins make up around 50% of the gluten proteins and hence are 
studied extensively (Anjum et al., 2007). The gluten is a mixture of at least 50 proteins, 
classified into two groups: Glutenins (present in aggregates and stabilised by covalent 
disulphide bonds) and Gliadins (monomers associated by non-covalent interactions) 
(Shewry and Casey, 1999; Tatham and Shewry, 2008). Figure 3 shows the classification of 
the gluten proteins. The gliadins and glutenins in gluten are responsible for the development 
of a visco-elastic network which determines dough handling properties and loaf 
characteristics (Rehman et al., 2007b). SDS sedimentation tests are done to find the gluten 
strength, wherein the rise in the volume of the flour in the lactic acid is correlated with the 
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strength of the gluten. Chapatti should have medium gluten strength (Rehman et al., 2007a). 
Dough strength and dough elasticity are inversely proportional to each other (Nash et al., 
2006) and hence increase the complexity of having an optimum dough strength and 
extensibility. Wet gluten bears an inverse correlation with force for tearing (Hatcher et al., 
1997).  Srivastava et al., (2002) performed microscopic observations and found large gluten 
strands covering starch granules in hard wheat flour dough, while short gluten in softer 
wheat exposes the starch granules. Gluten renders moisture retaining and the character to 
form a film around the starch granules (a wall around the starch granules called film forming 
ability) which results in greater starch gelatinization and a different pattern of crumb in 
chapatti which could be responsible for good soft texture and better mouth-feel (Srivastava 
et al., 2002).  
 
Figure 3- Classification of and nomenclature of Wheat Gluten Proteins. 
The gluten is extracted by gluten washing apparatus and the weight of the gluten 
remaining after the process in wet form is called as wet gluten and the weight after drying 
the wet gluten is called as dry gluten. The difference in the weights shows the water holding 
capacity of the gluten. Low gluten content renders the dough to extend easily and stretch 
without shrinking for chapatti (Paterson and Piggott, 2006; Rehman et al., 2007b). 
Srivastava et al., (2003) mention a probability of chewiness of chapatti due to higher gluten 
and higher protein content. Since the chapatti quality is affected by the Gluten content 
(Srivastava et al., 2002), this is an important constituent from chapatti quality perspective.  
Among the chapatti tests under consideration in Appendix 1, Haridas Rao et al., (1986); 
Dhaliwal et al., (1996); Paterson and Piggott., (2006) didn’t mention the gluten estimation. 
Ram and Nigam, (1982) estimated gluten by M. D. Shogren et al., (1969) method. Safdar et 
al., (2009) estimated the wet and dry gluten by AACC 2000 method. Srivastava et al., (2003) 
isolated gluten as modified Macritchie (1984) method. Shaikh et al., (2007) estimated the 
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gluten content by AOAC 1975 method. Many studies report the role of gluten in chapatti 
quality, but there is a lack of understanding whether the total protein, total gluten or specific 
alleles in the gluten control the dough rheology. The study needs to be planned for 
correlating the total protein and glutenin allele association with chapatti quality. Finding the 
combinations of glutenin subunits by SDS-PAGE electrophoresis can be a good test for 
chapatti quality prediction (Anjum et al., 2007). Though, markers for the good allelic 
combination still an area under study.  
a) Glutenin Group of proteins 
Glutenin is a group of proteins conferring visco-elastic property to the dough.  They 
are composed of HMW-GS and LMW-GS based on their molecular weights. Both these 
subunits offer different rheological parameter and affect the chapatti quality. Lower content 
of LMW-GS as compared to HMW-GS makes the gluten strong (Jood et al., 2001). Though, 
there is yet a limited data to mention the optimum proportions of theses subunits for good 
chapatti quality. Following is the detail on the subunits and its effect on chapatti quality.  
1) HMW-GS 
The HMW-GS are polymeric in nature with two subunits x and the y respectively. 
These proteins are encoded by the long arm of group 1 chromosomes. An extensive work 
has been done for the effect of different allelic combinations for bread making as compared 
to chapatti making. It is difficult to score all the individual x and y subunits. Hence, a 
scorecard for the HMW-GS subunit was framed to predict the performance for bread making 
(Table 4) based on the allelic expression (Shewry et al., 1992). The best allele pairs for 
bread making from D1 are IDx5+ 1Dy10, 1Ax1 and 1Ax2* from A1 and 1Bx l7 + IBy I8 and 
1Bx7 + IBy8 from B1 chromosome. All varieties contain 1Bx, 1Dx and 1Dy subunits and few 
contain 1Ax and 1By. Anjum FM et al., (2000) reported that subunit encoded by Glu 1Dx2 + 
Glu1Dy12 or Glu1Dx5 + Glu1Dy10 did not influence the chapatti quality whereas IDx5 + 
1Dy10 are good for bread making (Jiang et al., 2013). There are mixed results for the 
specific HMW-GS alleles affecting the chapatti quality. Reports say that chapatti quality is 
irrespective of the allelic combination as all the HMW-GS combinations are expressed in 
good, poor, as well as fair chapatti quality of Indian wheat genotypes (Srivastava et al., 2003; 
Sreeramulu et al., 2004). However, there is no study done to find the quantitative effect of 
HMW-GS on chapatti quality. There is a very limited study in this regard and Glutenin 
subunits needs to be analysed to better understand its genetic significance in chapatti 
quality. Table 4 shows the Glu-1 scorecard which can be used to score the wheat based on 
the quality of Glutenin subunits expressed (Shewry et al., 1992). There is a lack of 
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understanding whether the Glu score correlates with chapatti quality and that whether any 
common alleles are found in bread and chapatti.  
 
Table 4- Glu-1 score of individual glutenin subunits 
Score 
Locus 
A B D 
4 - - 5+10 
3 1 17+18 - 
3 2* 7+8 - 
2 - 7+9 2+12 
2 - - 3+12 
1 Null 7 4+12 
1 - 6+8 - 
 
2) LMW-GS 
The genes encoding LMW-GS are encoded on the short arm of group 1 chromosome. 
These proteins form inter-molecular disulphide bonds with each other or with the HMW-GS, 
thus playing an important role in dough rheology (D'Ovidio and Masci 2004). LMW-GS are 
highly polymorphic and have a sequence similarity with Gliadin proteins. They can be 
separated by one dimensional SDS PAGE (Gupta and Shepherd, 1990). The LMW-GS are 
of 3 types B, C or D based on the iso-electric points (Muccilli et al., 2005). The LMW- GS 
and gliadins are similar and play an important role in increasing the dough extensibility.  
b) Gliadin 
Gliadins act as plasticizers in the dough (Sharp and Bekes, 2007). As indicated 
above, Ram and Nigam, (1982) reported the need of equal proportions of gliadin, glutenin 
and residual protein in good chapatti quality while higher gliadin content results in poor 
chapatti quality. Gliadins contribute to dough extensibility (Mathewson and Pomeranz, 
1978). Higher gliadin content lead poor chapattis, whereas gliadin negatively co-relates with 
appearance (Prabhasankar, 2002). A unique balance of glutenin and gliadin in the flour is a 
key factor for chapatti making. Among the tests chosen for comparison in Appendix 1, 
Prabhasankar (2002) isolated gluten by Curioni et al., (2000) and Weiss et al., (1993) 
methods. There is a little knowledge regarding the role and effect of gliadin on chapatti 
making. The qualitative and quantitative role of gliadin in chapatti quality needs to be 
researched. 
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1.14.3) Sedimentation value 
Sedimentation value estimates the gluten strength (Coventry et al., 2011a). As 
mentioned earlier, the gluten affects the chapatti quality. In breeding, selection for high 
quality wheat is based on the Zeleny Sedimentation Test (Salmanowicz et al., 2012). A 
cultivar with 75 ml sedimentation yields excellent chapattis, while one with lower value yields 
poor chapattis (Srivastava et al., 2003). Coventry et al., (2011a) didn’t find any association 
between the chapatti score and sedimentation value. Prabhasankar and Haridas Rao 
(2001), estimated the sedimentation value by the AACC 2000 method. From the tests taken 
for comparison in Appendix 1, Haridas Rao et al., (1986), estimated the sedimentation value 
by the AACC 1976 method but did not attempt to correlate it with chapatti quality. Ram and 
Nigam, (1982) performed a micro sedimentation test by AACC methods 56-63, 1969. 
Srivastava et al., (2002) estimated the sedimentation value by AACC methods 56-61A. 
1.14.4) Flour granularity 
Particle size distribution is affected by the grain hardness.  Particle size distribution 
is the flour granularity which affects the physical and chemical properties of the dough 
(Rehman et al., 2007a). The flour particle size distribution varies from every disc mill and 
the resultant flour size cannot be controlled, unlike the one in the Kamas type hammer mill 
where the flour is ground until it passes through 0.8 mm sieve (Haridas Rao et al., 1986). 
However, the flour obtained from the plate mill is of higher quality, as it yields higher amounts 
of damaged starch (Prabhasankar and Haridas Rao, 2001). Particle size (130-180 µm) 
bears a positive correlation with extensibility (Rehman et al., 2007a). Sedimentation value 
is also dependent on the particle size of the flour (Prabhasankar et al., 2002). The higher 
milling extraction of flour causes smaller sized starch particles in flour which are broken 
down and finally cause a large amount of damaged starch, which significantly affects the 
chapatti quality (Rehman et al., 2007a; Ghodke et al., 2009). The flour granularity is difficult 
to replicate in successive millings with stone disc mills and hence particle size distribution 
should be studied. From among the tests under comparison in Appendix 1, Rehman et al., 
(2007a) performed particle size distribution by using a range of 130-180 µm sieves. Haridas 
Rao et al., (1986) used a range from 62-670 µm sieves.  
1.14.5) Ash content 
 Ash content is relative to the bran content (Dhaliwal et al., 1996). Ash content has 
a significant positive correlation with colour, whereas there is an inverse correlation with 
force required to tear the chapatti (Hatcher et al., 1997; Safdar et al., 2009). Ash accounts 
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for the mineral content in the grain (Prabhasankar et al., 2002). It affects the colour of 
chapatti (Safdar et al., 2009) and thus affects the chapatti appearance score (Prabhasankar 
et al., 2002). Hence acceptable ash content is necessary for a good chapatti colour. 
 Among the selected references in Appendix 1, Dhaliwal et al., (1996) estimated the 
ash content by the AACC 1983 method, Safdar et al., (2009) by the AACC 2000, Srivastava 
et al., (2002) by the AACC 08-01, and Shaikh et al., (2007) estimated total ash and acid 
insoluble ash by AOAC 1975 and Haridas Rao et al., (1986) estimated it by AACC 08-01 
1976.   
1.14.6) Damaged starch 
 Damaged starch is actually smaller particles of starch granules formed as a result 
of breaking larger starch granules during the milling of wheat (Mulla et al., 2010). Damaged 
starch is significantly correlated with kernel hardness, water absorption (Srivastava et al., 
2003; Hemalatha et al., 2007a), dough development time (Rehman et al., 2007b) and 
chapatti texture (Rehman et al., 2007a). The damaged starch is directly related to the milling 
(Barrera et al., 2007). A higher amount of damaged starch has a negative impact on baking 
performance (Barrera et al., 2007) but is an important parameter in chapatti making (Ghodke 
et al., 2009). An optimal level of damaged starch is necessary for bread making as the 
sugars are used up by the yeast during fermentation; whereas chapatti needs a 
comparatively high amount of damaged starch and bread making is hampered by too much 
(Barrera et al., 2007). Since water absorption increases with the increased damaged starch, 
the puffing character is enhanced due to the higher steam formation (Haridas Rao et al., 
1986). This implies that chapatti making and bread making performances are conversely 
related to each other. The damaged starch is influenced by the feed rate, moisture in the 
wheat and the aperture in the discs of the disc mill. Disc mills generally render 10% damaged 
starch which contrasts with the 7% of hammer mills (Shurpalekar and Prabhavati, 1976). 
 Rehman et al., (2007a) estimated damaged starch by AACC 76-31A 2000. 
Srivastava et al., (2002) used the AACC method 1983. The remainder of the authors 
compared in Appendix 1 did not estimate the damaged starch content. This is a crucial 
component of the chapatti as its freshness depends on the moisture content.  
1.14.7) Falling number 
Falling number is the amount of time required to allow the stirrer to fall a specific 
distance when passing through a hot, aqueous and viscous ground wheat flour suspension, 
caused by the change in viscosity by enzymatic degradation of starch by α- amylase 
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(Mathewson and Pomeranz, 1978). Falling number is an index of sprout damage. The flour 
with a low falling number is not fit for chapatti making as it has high α- amylase activity 
(Rehman et al., 2007b). Falling number remains an important factor in wheat, but with 
respect to chapatti making, this test can be avoided by taking seeds that are not sprout 
damaged. The falling number stays as an accessory test to predict whether the seed taken 
for making flour is sprout damaged or not (Rehman et al., 2007b).  
From among the tests under comparison in Appendix 1, Rehman et al. (2007b) used 
the AACC method 56-81B, Safdar et al. (2009) used the AACC 2000 method; none of the 
other references under comparison estimated the falling number. 
1.14.8) Flour colour 
The brightness of the flour decreases with increased ash or bran content (Dhaliwal 
et al., 1996) which is caused due to higher flour extraction rate (Hatcher et al., 1997). There 
is a minimal relation between the colour of the flour and the final chapatti colour (Hatcher et 
al., 1997). Many references show the correlation between dough colour and chapatti quality, 
but not between the flour colour and chapatti quality. When concerned with chapatti quality, 
the dough colour and its relation to the final chapatti colour may be an important attribute. 
So, flour colour can be used as a rough estimate for the bran content in it. Rehman et al., 
(2007a) estimated the flour colour using the Kent–Jones and Martin colour grader, whereas 
Dhaliwal et al., (1996) used the Simon series IV flour colour grader. However, they did not 
correlate it with the quality of the chapatti. This factor still needs research as the relation 
between flour colour and chapatti quality is still not known. 
1.14.9) Rheological tests 
There are different instruments to measure the rheological characters of the dough. 
The product to be prepared determines the rheology of the dough. Chapatti is greatly 
influenced by the dough rheology. So, the aspects controlling the dough rheology constitute 
a key area to be monitored. The dough consistency and extensibility are key factors for the 
sheeting of dough. The exact amount of water for optimum dough consistency and optimum 
extensibility are important factors for good chapatti. Dough sheeting is also affected by 
dough stickiness and is an important criterion (Gurushree et al., 2011). These areas need 
to be monitored if chapatti making is considered from a commercial perspective. 
Farinographs, mixographs and extensographs help predict the processing behaviour of 
dough, but cannot predict the final baking potential (Song and Zheng, 2007). 
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1.14.9.1) Farinograph 
This is the most efficient instrument for dough rheology testing.  It has 2 Z-shaped 
blades rotating in opposite directions and measuring the torque which determines the dough 
rheology (Bloksma, 1972). Thus, it helps us determine the response of dough to variables 
like water, salt or oil. The shape of the farinogram itself reveals many characters of the flour 
like the dough strength, dough development time, mixing tolerance, water absorption, dough 
extensibility and dough stability. The farinograph helps decide the optimum amount of water 
and mixing time. The amount of water needed for chapatti making varies with the variety 
and also with the amount of damaged starch which results from the milling. So the 
farinograph remains a key to revealing water absorption.  
Among the tests taken in the comparisons in Appendix 1, Shaikh et al., (2007) did 
not use a farinograph, whereas Srivastava et al., (2002) used a micro farinograph. Water 
absorption rates were found at different Brabender unit values. However, Shurpalekar and 
Prabhavati, (1976) indicated that the amount of water needed to bring 500 B.U. consistency 
is the optimum quantity of water for chapatti making. 
1.14.9.2) Extensograph 
 Chapatti on sheeting should stretch to the desired length. Elasticity may be an 
important aspect in puffing, yet has to be proved. The extensograph calculates the force 
needed to stretch the dough until it breaks and estimates the energy needed while stretching 
the dough. It also calculates the maximum extension of the dough. Dough formation is 
relative to the extensograph data and bread loaf volume, whereby higher mixing gives 
reduced extensibility and low loaf volume (Oliver and Allen, 1992). Similar work needs to be 
done relative to chapatti making. The extensograph data provides important breeding 
selection criteria. Study on chapatti making from British cultivars revealed that higher 
elasticity of dough resulted in undesirable shrinkage of the sheeted dough (Paterson and 
Piggott, 2006). The latter researchers later revealed that a mixture of two different varieties 
of wheat flour gave desirable chapatti quality (Rehman et al., 2007b).  Chakrabarti-Bell et 
al., (2013) recently found that dough with suboptimal elasticity coalesced easily and did not 
puff up. Higher elasticity renders shrinking character and hence there should be a balance 
in the level of elasticity and extensibility. So, optimum resistance to extension value also 
constitutes an important criterion in predetermining the quality of flour for chapatti. 
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1.15) Chapatti making procedure review 
 Chapatti is basically made with flour and water but quality varies with the procedures 
of making and baking. The review tabulated below designates some variations in the tests 
relating to water quantity, sheeting and temperature for baking the chapatti and time used 
for baking both sides (Appendix 1). There are very few reference documents that mention a 
standard chapatti making procedure. Appendix 1 shows the details of variations to the 
various tests applied and helps with understanding the pros and cons of procedures. The 
comparison between the tests provides information about the standard chapatti test that is 
most suitable for scoring the chapatti.  
1.16) Fragrance as a quality parameter 
There is enormous research into fragrance in rice. Fragrance in rice is associated 
with the presence of 2- acetyl pyrroline (2-AP) (Bradbury et al., 2005) and is a commercial 
trait that determines the price of rice in the global market (Sakthivel et al., 2009). Mapping 
the genome sequence has revealed the major gene for fragrance: Betaine Aldehyde 
Dehydrogenase (BADH2) on chromosome 8. An 8 bp deletion in the sequence of this gene 
resulted in the truncation of this enzyme and the loss of functionality of this enzyme. This 
resulted in an accumulation of 2-AP, an aromatic compound in basmati rice. Sakthivel et al. 
(2009) discussed the formation of 2-AP in rice. There are two pathways for 2-AP: BADH2 
dependent and BADH2 independent. 4-aminobutyraldehyde (AB-ald) is maintained in an 
equimolar ratio, and the immediate precursor 2-AP, Δ 1-pyrroline, and the AB-ald levels, are 
key factors controlling the rate of 2AP biosynthesis (Chen et al., 2008). Sakthivel et al., 
(2009) suggested that the functional BADH2 enzyme (coded by the aroma gene Fgr) inhibits 
2AP biosynthesis in non-fragrant rice by converting 4 aminobutyraldehyde into γ- amino 
butyric acid, while the non-functional badh2 (coded by fgr) results in 4 aminobutyraldehyde 
accumulation leading to the formation of Δ 1-pyrroline by immediate cyclisation (due to 
nonfunctional badh2) and then subsequent conversion to 2AP in fragrant rice (Bradbury et 
al., 2005). In another pathway, Δ 1- pyrroline-5-carboxylate reacts directly with 
methylglyoxal to form 2-AP (Huang et al., 2008). Bradbury et al., 2008 suggested that C can 
be a substrate to BADH1 invivo and can diminish the γ- amino butyraldehyde that can be 
used for converting it to 2-AP. Amarawathi et al., 2008 suggested that mutation leading to 
loss of BADH1 or reduction in its activity can also lead to increased accumulation of 2-AP in 
rice. Figure 4 depicts the biochemical pathway for formation of 2-AP. 
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Figure 4- Pathway from proline to 2- AP via pyrroline when BADH2 is inactive (Red 
arrows) or to γ- amino butyric acid when BADH2 is active (Blue arrows). 
(Bradbury et al., 2008) 
 
 
Fragrance in bread is widely studied and the yeast used in fermentation is found to 
responsible for several aroma compounds which impart specific fragrance to bread (Birch 
et al., 2013). Fragrance in chapatti is yet to be studied. A chapatti does not have any special 
ingredient added, nor is it leavened to bring about chemical change in the dough creating 
fragrant compounds in it.  When concerned with chapatti making or bread making, fragrance 
is a very important attribute and determines the price of the cereal in global market. The 
BADH gene in wheat has a dual function. Under drought conditions, there is increased 
expression of the BADH gene and thus it functions during biotic stress (Khoshro et al., 2013). 
On the other hand, research on the BADH2 gene in rice has shown that a non-functional or 
truncated gene product is responsible for fragrance in wheat.  
 
1.17) Increasing fragrance in wheat by gene knockout 
Many papers support the claim that the non-functional BADH2 gene is the basis for 
fragrance in rice (Bradbury et al., 2005; Bradbury et al., 2008; Chen et al., 2008). Bradbury 
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et al., (2005) postulated the complete association of the deletion in the gene that encodes 
BADH2 with fragrance in a wide range of unrelated germplasm. Limited work has been done 
with BADH genes in wheat. Wheat has 2 BADH paralogs- BADH1 and BADH2 and orthologs 
of each. These alleles were inherited by their progenitors during the polyploidy in hexaploid 
wheat. So, technically, it is possible to induce fragrance by knocking out one, two or all three 
homeologs in hexaploid wheat by generating a non-sense mutation, leading to a non-
functional gene product. Data on the 14 and 30 days post anthesis in a variety, Cadoux, 
suggest that BADH1 and BADH2 are expressed at different points in different tissues (seeds 
and leaves). Analysis of expression of these genes by Shrestha (2011) suggests that only 
the “A” genome homeolog is expressed. Data on expression of these alleles in the B and D 
genome homeolog in the absence of expression of the ‘A’ genome homeolog is not 
available. Hence, attempts to knockout the A genome homeolog or the other two have yet 
to be done to find the expression response of the BADH proteins from the other two 
homeologs (Shrestha, 2011). EMS is an alkylating agent, adding the ethyl group to the O-6 
position of guanine and O-4 position of Thymine. The alkylated form of Guanine i.e. O-6 
Ethylguanine, mispairs with thymine. In the subsequent replication, Thymine pairs with 
Adenine. This gives a GCAT transition mutation. Similarly, Thymine when alkylated forms 
O-4 Ethylthymine pairs with Guanine instead of Adenine. But in wheat, most of the mutations 
are GCAT transition mutations (Rawat et al., 2012). Hence, EMS induces point mutation. 
There is evidence of knock out of functional waxy genes by EMS induced mutation (Slade 
et al., 2005). These mutations are random and hence, need to be sequenced and screened. 
PARSESNP is a tool to identify the mutations and analyse the missense changes, and 
determine the effect of the mutation on expressed gene product (Taylor and Greene, 2003); 
and similarly many other tools can help in analysing the mutations. Hence, they can be key 
tools for finding the putative non sense mutation in the BADH2 gene. 
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Chapter 2- Comparison of Chapatti and Bread Making Quality of Wheat 
Genotypes 
 
2.1) Introduction  
Wheat bread is produced in western countries, but flat pan bread (chapatti) from 
whole wheat flour is the main product on the Indian subcontinent (Shurpalekar and 
Leelavathi, 1989; Shurpalekar and Prabhavati, 1976). Chapatti quality is complex and 
known to be controlled by the genetics of the wheat and by the process of chapatti making 
(Haridas Rao  et al., 1986; Yadav et al., 2008). Milling the wheat in a stone disc mill results 
in highly damaged starch and a flour well suited to chapatti production (Shurpalekar and 
Leelavathi, 1989). However, the stone milling requirements for chapatti quality have not 
been investigated in detail  (Hatcher et al., 1997; Shurpalekar and Leelavathi, 1989). 
Laboratory roller mills are widely used for the analysis of milling performance of wheat for 
bread production, but stone disc mills designed to allow reproducible laboratory milling for 
chapatti production are not available. High extraction milling of wheat results in damaged 
starch (Ghodke et al., 2009; Shurpalekar and Leelavathi, 1989). The particle size distribution 
of the flour following milling in stone disc mills can help in predicting the flour suitability for 
chapatti quality (Yadav et al., 2012). The type and quantity of proteins are factors that have 
been considered important for chapatti quality (Ram and Nigam, 1982; Srivastava et al., 
2003). High molecular weight glutenin subunits (HMW-GS) encoded by genes on group 1 
chromosomes have been reported to influence chapatti quality. Srivastava et al., (2003) 
found subunits 5 + 10 encoded by the Glu1-D chromosome present in chapatti wheats of 
excellent or good quality, whereas subunits 2 + 12 were found in all the poor quality chapatti 
wheats. The subunits 5 + 10 and 2 + 12 gave a fair pliability score in chapatti (Sreeramulu 
et al., 2004). The subunit Glu 1B-20 was found in some good chapatti quality cultivars 
(Anjum et al., 2000; Sreeramulu et al., 2004). The Glu-1 score may be correlated with 
chapatti quality (Hemalatha et al., 2007; Srivastava et al., 2003). However, there is a lack of 
evidence for the presence of specific alleles controlling chapatti quality and a need for further 
analysis.  
There are several subjective parameters like hand feel, appearance, texture, mouth 
feel or taste that have been used in assessing chapatti quality (Haridas Rao  et al., 1986; 
Ram and Nigam, 1982; Shurpalekar and Prabhavati, 1976). Pliability and texture are major 
objective parameters in chapatti quality. The texture of the end product can be measured 
electronically using texture analysers (Goel et al., 2015; Yadav et al., 2010; Yadav et al., 
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2012). They offer a robust, repeatable and quick test. A Kieffer dough extensibility rig is a 
miniature extensograph used for measuring gluten extensibility (Grolle et al., 2003; Pauly et 
al., 2014). Tensile force or extensibility can be measured by uniaxial extension using a clamp 
fixture on the texture analyser (Yadav et al., 2012; Zaidel et al., 2010). The Kieffer dough 
extensibility rig has been used to measure dough extensibility, but not used for chapatti 
extensibility measurement. The tensile strength of a chapatti or chapatti strip extensibility, 
could be an objective measurement in the scoring of chapatti quality. Texture analysers 
have been used to assess the extensibility and softness of chapatti (Ghodke Shalini and 
Laxmi, 2007; Gujral and Pathak, 2002). The application of mechanized instruments in quality 
assessment can increase the objectivity of the scoring of chapatti. Further research is 
needed to evaluate the suitability of texture analysers in chapatti quality measurement.  
There is limited evidence as to the relationship between the chapatti and bread quality 
of wheat cultivars. Bread loaves are expected to have a high specific volume and a 
homogeneous crumb, with fine gas cells which are incorporated during the dough mixing 
and stabilized during the bread making process (Mills et al., 2003; Pauly et al., 2014). A 
chapatti needs to be soft, pliable, fully puffed, creamish in colour and sweetish in taste 
(Dhaliwal et al., 1996; Haridas Rao et al., 1986; Hatcher et al., 1997; Ram and Nigam, 1982). 
As bread loaf volume is considered a critical index of bread quality, chapatti puffiness and 
pliability is the key factor for chapatti quality. A higher protein content is desirable for good 
bread making (Shewry 2009) and a comparatively lower protein content for chapatti making 
(Haridas Rao et al., 1986; Shurpalekar and Leelavathi, 1989; Shurpalekar and Prabhavati, 
1976). Higher damaged starch negatively affects bread quality (Barrera et al., 2007) 
whereas higher damaged starch is desired in chapatti (Shurpalekar and Leelavathi, 1989). 
Rehman et al., (2007a) performed chapatti making using British wheat cultivars and found 
that they gave inferior chapatti quality. Wheat bred for good bread making may not yield 
good chapatti quality as chapattis need medium gluten strength, high water absorption and 
good sheeting properties (Rehman et al., 2007b). There is a lack of data on chapatti and 
bread making from the same samples that might allow comparison between the bread and 
chapatti making qualities of the same wheat. This analysis is important to define the genetic 
determinants controlling these end use qualities and help determine the potential for wheat 
to be bred for both good chapatti and bread quality. The present study tested the applicability 
of an objective texture analyser in the scoring of chapatti quality. The study also conducted 
chapatti and bread making from the same set of wheat samples to allow direct comparison.  
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2.2) Materials and method 
2.2.1) Plant materials 
The seed of Triticum aestivum L. ‘EGA Gregory’ (used as a standard in bread quality 
testing) was imported from the Australian National Variety Trials, Brookstead in 2012; and, 
based on anecdotal evidence of good chapatti making, eight wheat cultivars (Triticum 
aestivum L.) from Green Gold Seeds were selected for analysis. The cultivars DSDT-2, Gold 
Vijay, Gold 21, Attrack, Gold 23, Gold Bhanudas, Tajan and Gold Madhukar were sown in 
the field at Aurangabad in November 2011 and harvested in March 2012. Any extraneous 
material in the seeds remaining post-harvest was removed before milling.  
 
2.2.2) Milling 
The sample of each wheat genotype was divided into two subsamples, one for 
chapatti making and the other for bread making. A sample of each genotype (around 1.5 kg) 
to be used for bread making was sent to the Central Food Technological Research Institute 
(CFTRI, Mysore) and milled in a Buhler mill using the American Association of Cereal 
Chemists (AACC) method 26-21.02. Fine bran and coarse bran were separated from the 
flour during milling and flour recovery expressed in percent based on wheat weight. This 
flour was exported to Australia and was used for experimental bread making. The 
subsample was milled in a domestic electric motor driven stone disc mill to obtain flour for 
chapatti making. A fixed setting of disc clearance was used for all the varieties and the 
milling was conducted at a rate averaging 2 kg per 3 min. To avoid cross contamination of 
the flours, the half kilogram of flour was rejected and the remainder collected in cotton bags 
and allowed to cool overnight before analysis.  
 
2.2.3) Physico-chemical tests  
The following physico-chemical tests were carried out by standard methods at 
CFTRI; hectoliter weight (AACC, 1983), thousand kerne apatti was tested to find the ease 
of folding. Gold 21 had the highest chapatti score (86) followed by Goll weight (AACC, 2000), 
kernel hardness using Instron TA.XT plus texture analyser (Stable Microsystems Ltd., UK) 
with a cross arm compression rate of 10 mm/min with a 5kg load cell, falling number (AACC 
56-81.03), ash content (AACC 08-01.01) and moisture content (AACC 44-19.01). Protein 
content was estimated by the AACC 39.11.01 method. The sieve analysis was done in 
duplicate as per standard guidelines (AACC 55-60.01) with sieves ranging from 425 µm to 
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90 µm. All the physico-chemical tests were done on a 14% moisture basis except for the 
sieve analysis which had varied moisture content at the time of sieving.  
 
2.2.4) Preparation of dough 
Dough for chapatti was made from whole wheat flour. The initial moisture of the flour 
was recorded (Table I). Dough was prepared from 200 g of flour by hand mixing. Water was 
added to the flour to allow the dough to be kneaded by hand-mixing to a desired similar 
consistency for each sample. The amount of water used during the kneading was recorded 
as the water absorption and expressed as percentage absorption. The dough was rested 
for 15 min in an airtight container to avoid moisture loss during the resting period.  
 
2.2.5) Chapatti making 
The chapatti testing was carried out at the Agharkar Research Institute, Pune, in 2013 
by a standard approved method described by Haridas Rao et al., (1986). About 50 g dough 
was rolled with a wooden roller above a 2 mm spacer with dough placed within the spacer 
so as to get a uniform thickness of 2 mm for the chapatti when rolled. A 15 cm diameter 
circular die pressing tool was fabricated and used to cut uniform 15 cm diameter chapattis 
from the dough sheet. A hot plate with a thermostat maintained at 205°C was used to bake 
the chapatti. The chapatti was partially baked for 45 sec on one side and 105 s on the other 
side after flipping. The chapattis were then immediately placed on a gas flame for not more 
than 4 sec, which puffed them. A few modifications to the standard method were used in the 
chapatti making. Hand mixing of the dough was performed rather than mechanical mixing 
in the standard chapatti test, and puffing of chapatti was achieved using a household 
portable gas burner (tandoor used in the standard chapatti test). Chapattis of each cultivar 
were stacked and covered with a cotton cloth. This covered set was put in a sealed 
polythene bag to avoid moisture loss.  
 
2.2.6) Chapatti scoring  
The puffed chapattis were cooled for 15 min and used for chapatti quality evaluation. 
The chapattis were produced in triplicate and scored by two trained sensory panellists. 
Scoring was based on quality characters as described by Haridas Rao et al., (1986) with a 
modification. The pliability score was based upon the ease of folding of the chapatti. A single 
quadrant of chapatti was folded into a conical shaped cup and the ease of folding was scored 
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on a 10 point scale (Safdar et al., 2009). A scorecard was prepared with puffing score (10), 
pliability (10), appearance (20), hand feel (10), eating quality (25) and taste (25). These were 
the same parameters used to estimate the chapatti scores of commercial varieties of wheat 
in the method described by Haridas Rao et al., (1986).  
 
2.2.7) Chapatti extensibility measurement using kieffer dough extensibility rig 
The textural properties of chapattis were measured one hour after baking. A chapatti 
strip 5 cm in length and 1 cm in width was cut from the centre of the chapatti and used to 
stretch in the Kieffer dough extensibility rig. This measured extensibility (mm) as the distance 
the chapatti strip was extended when pulled, and the maximum resistance to extension 
before the chapatti ruptured (N). The test was carried out with a cross arm speed of 
10 mm/min using a 5 kg load cell. A duplicate reading of each individual chapatti was taken, 
so a total of six readings for each set of cultivars were recorded. Mean values of extensibility 
and resistance to extension were taken. 
 
2.2.8) Uniaxial extension of chapatti 
The TA.XT2 texture analyser had a standard clamp probe for measuring uniaxial 
extension in which one clamp was fixed at the base and the other clamp pulled the chapatti 
until it broke. This measured the maximum resistance to extension (g) and the extensibility 
of the chapatti (mm) before it ruptured (Ghodke Shalini and Laxmi, 2007; Gujral and Pathak, 
2002; Yadav et al., 2012). Both the clamps were carefully aligned and set 20 mm apart. A 
chapatti strip 2 cm in width and 6 cm in length was cut and clamped tightly in the probe. The 
chapatti strip was then stretched by the clamps with a rate of 25 mm per min using a 5 kg 
load cell until it ruptured. The maximum resistance and extension of the chapatti strip was 
measured. Single readings from each chapatti were taken and the mean of the three 
readings was determined for each cultivar.  
 
2.2.9) Bread making  
Wheat for bread making was milled in the Central Food Technological Research 
Institute using a Buhler mill and then sent to the Department of Agriculture and Fisheries in 
Toowoomba, Australia for bread making (bread made without bran incorporation). The 
bread making was performed using a modified version of CCD 07-03 (Royal Australian 
Chemical Institute 2003), 4th edition, incorporated 2010. The modification included deletion 
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of acetic acid addition. Acetic acid is added as a mould inhibitor, but has a deleterious effect 
on the bread volume (Kaur and Singh 1999). Bread volume differences are very crucial in 
bread quality comparison; hence the acetic acid addition was omitted. For bread making, 
200g flour, water as determined by Brabender Farinograph water absorption, 3.5g salt, 2g 
vegetable oil, 1g bread improver (ammonium chloride 250ppm, ascorbic acid 60 ppm, 
calcium sulphate 400 ppm, pentopan Mono 20 ppm and Fungamyl 2500 SG 9ppm) and 2.5g 
of instant Dry Yeast were used. The sample was mixed to develop the dough and divided 
into two dough balls of 150g each after 10 min. The dough was run through a dough moulder 
and placed in a fermentation cabinet at 31°C for 8 min. The dough was then run through a 
dough moulder, placed in bread tins and then placed in a proofing cabinet with relative 
humidity 85% and temperature 34°C for 30 min. The proofed loaves were then baked for 20 
min at 215°C. Bread volumes were taken after 40 min and the remainder of the bread 
evaluation was done the following morning. 
The water absorption was determined using a farinograph (AACC 54-21.02).  The 
wheat varieties were scored for bread quality on a 60-point basis. Bread scoring was based 
upon scoring for the following characteristics of bread such as loaf volume (20), loaf 
appearance (5), crust colour (5), crumb texture (10), cell distribution (5), cell structure (5) 
and crumb colour (10).  
 
2.2.10) SDS PAGE  
The SDS PAGE of the cultivars was as described by Singh et al., (1991), wherein the 
high molecular weight glutenin subunits were separated in the gel. The gel was stained 
using Coomassie Blue R250 and then destained (destaining solution 2:1:7 methanol, glacial 
acetic acid and double distilled water respectively) to visualise the bands and then scanned 
on a scanner to obtain an image. A standard spelt wheat and MACS 2496 were run as 
standards along with test samples. The HMW-glutenin subunits of the test samples were 
identified based on comparison with the standard samples run in the gel.  
 
2.2.11) Statistical analysis 
All statistical analysis was carried out with the statistical program SPSS Statistics, 
(version 20). The mean, standard error of the mean (SEM), differences between the sample 
means were tested by determining the least significant (LSD) at the 5% level of significance 
(SEM and significant differences of all replicates are shown in respective tables) and 
correlation coefficient (‘r’ two tailed) was calculated using the same program.   
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2.3) Results and discussion 
2.3.1) Milling of wheat for bread and chapatti making 
When milled on the Buhler laboratory mill, Gold Madhukar had the highest flour 
recovery (77.5%) followed by Gold Bhanudas (77.2%), while EGA Gregory had the lowest 
flour recovery (73.0%) (Table 5). The whole wheat flour for chapatti making obtained from 
stone disc milling showed a large variation in flour granularity in different cultivars. The flour 
overtail in sieve size 425 µm, 200 µm and 90 µm was highest in EGA Gregory (3%, 30.7% 
and 40.2% respectively) (Table 5). The finer flour of 150 µm sieve overtail was highest in 
Attrack (29.9%). The pan fraction was highest in Gold Madhukar (44%) followed by Gold 
Vijay (43.6%). The bran content was found to be higher in EGA Gregory in both types of 
mills used (Table 5).The flour of 425 µm overtail corresponds to the bran content and the 
pan fraction corresponds to damaged starch content (Shurpalekar and Leelavathi, 1989). 
The pan fraction correlated with the Thousand Kernel Weight (r = 0.89 at p≤ 0.01) (Appendix 
2). The current finding was in accordance with that of Rehman et al., (2007a) where the 
grain hardness correlated with pan fraction (r = 0.89 at p≤ 0.01) (Appendix 2). There is no 
data available on the composition of flour of specific particle size for optimal chapatti quality. 
However, it has been reported that optimal chapatti quality can be obtained by blending flour 
of different particle sizes (Rehman et al., 2007b). The results of milling in a stone disc mill 
depend on the sharpness of corrugations and clearance in the two discs of the mill (Haridas 
Rao et al., 1986). The clearance between the discs cannot be controlled and needs to be 
varied depending upon the grain hardness. Manoeuvring the clearance of the discs for 
milling varieties of varying hardness for optimal chapatti quality depends on the miller’s 
expertise and is based upon subjectively monitoring the particle size by hand during the 
milling operation (Inamdar and Prabhasankar, 2016). Hard wheat needs closer clearance 
and a lower feed rate to mill to a desired particle size. The resultant damaged starch from 
milling in a stone disc gelatinizes when heated during baking and holds a higher degree of 
moisture (Saxena and Rao, 1996), which leads to  
52 
 
 
softer, sweeter and puffed chapattis that have higher shelf life (Shurpalekar and Leelavathi, 1989). Since milling wheat in a stone disc mill 
is a crucial factor for chapatti quality, developing some technology to obtain repeatability in the milling will help research on this topic. 
 
 
Table 5- Particle size distribution of flour using sieves of varying aperture sizes and flour recovery in a Buhler mill 
1Moisture content of flour while doing sieve analysis; 2Flour obtained by disc milling. Values after mean show SEM and any mean followed by different letters in 
superscript are significantly different at p<0.05. 
 
Cultivar 
Moisture1 
(%) 
Overtails of flour obtained in different sieves2 (%) Milling in Buhler mill 
  425µm 355µm 300µm 250µm 200µm 150µm 90µm Pan Flour (%) Bran (%) 
DSDT 2 9.52 
1.2± 
0.05f 
1.8± 0.2d 
1.5± 
0.05c 
1.7± 
0.05c 
5.8± 0.05d 
29.2± 
0.45a 
32± 0.4c 
26.8± 
0.35d 
73.52± 
0.04f 
26.48± 
0.04c 
Gold Vijay 10.61 
1.4± 
0.05e 
1.4± 0e 1.1± 0e 
1.3± 
0.05f 
2.9± 
0.05fg 
23.2± 0.1c 
25.2± 
0.2f 
43.6± 
0.15a 
75.76± 
0.01d 
24.24± 
0.01e 
Gold 21 10.18 
1.5± 
0.05d 
1.6± 0d 
1.3± 
0.05d 
1.4± 0f 3± 0.25f 25.9± 1.9b 
27.9± 
0.4e 
37.4± 2b 
75.27± 
0.04e 
24.73± 
0.04d 
Attrack 9.81 2.9± 0b 2± 0c 1.7± 0c 
1.7± 
0.05c 
4.3± 0.05e 
29.9± 
0.25a 
29.9± 
0.3d 
27.6± 
0.05d 
73.25± 
0.05g 
26.75± 
0.05b 
Gold 23 10.42 2.9± 0b 
2.3± 
0.05b 
2± 0a 
2.2± 
0.05a 
5.8± 0.05d 
19.8± 
0.05d 
28± 0e 37± 0.1b 
76.04± 
0.04c 
23.96± 
0.04f 
Gold 
Bhanudas 
10.56 
1.7± 
0.05c  
1.7± 0d 1.3± 0d 1.3± 0f 2.3± 0g 
26.6± 
0.25b 
30.3± 
0.3d 
34.8± 0.7c 
77.18± 
0.02b 
22.82± 
0.02g 
Tajan 10.12 1.2± 0f 1.8± 0.1d 
1.3± 
0.15d 
1.6± 
0.05d 
17.2± 0.2c 19.9± 0.2d 
38.9± 
0.3b 
18.2± 0.5e 
73.56± 
0.03f 
26.44± 
0.03c 
Gold 
Madhukar 
10.34 1.4± 0e 1.3± 0e 1.3± 0e 1.9± 0b 
21.7± 
0.10b 
4.6± 0.15f 
23.9± 
0.1g 
44± 0.15a 
77.51± 
0.03a 
22.49± 
0.03h 
EGA Gregory 9.91 3± 0a 
2.6± 
0.05a 
1.5± 
0.05c 
1.5± 
0.05e 
30.7± 1.1a 11.2± 1.1e 
40.2± 
0.2a 
9.3± 0.15f 
73.02± 
0.02h 
26.98± 
0.02a 
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2.3.2) Physico-chemical tests 
The moisture content of the seed samples at harvest ranged from 7% to 8% (Table 
6). The moisture content of wheat flour milled in the disc mill ranged from 9.5% to 10.7%. 
The highest hectoliter weight was found for Gold 21 (90 kg/hL) and lowest for EGA Gregory 
(80 kg/hL) and gave a highly significant correlation with pliability (Table 6 and Appendix 2). 
The thousand kernel weight (TKW) was highest in Gold Madhukar and Gold Bhanudas (54 
g) and the lowest was found in EGA Gregory (32 g). TKW had a highly significant correlation 
with grain hardness (r = 0.95 at p≤ 0.01), ash content (r = 0.95 at p≤ 0.01), eating quality (r 
= 0.84 at p≤ 0.01), taste (r = 0.87 at p≤ 0.01) and total score of chapatti (r = 0.91 at p≤ 0.01), 
but less significant correlation with appearance of chapatti (r = 0.79 at p≤ 0.05) (Table 6 and 
Appendix 2). Gold 21 had the highest grain hardness (165 N) while EGA Gregory had the 
lowest (108 N) (Table 6). Grain hardness also had highly significant correlation with ash 
content (r = 0.92 at p≤ 0.01), pan fraction of flour (r = 0.89 at p≤ 0.01), eating quality (r = 
0.83 at p≤ 0.01), taste (r = 0.91 at p≤ 0.01), and total chapatti score (r = 0.920 at p≤ 0.01), 
but less significant correlation with pliability (r = 0.73 at p≤ 0.05), and appearance (r = 0.68 
at p≤ 0.05)  (Appendix 2). Ash content was highest in EGA Gregory (1.98%) while Gold Vijay 
had the lowest (1.41%) (Table II). Ash content had a negative correlation with appearance 
(r = - 0.67 at p≤ 0.05), and highly negative correlation with eating quality (r = -0.83 at p≤ 
0.01), taste (r = -0.90 at p≤ 0.01) and total score of chapatti (r = -0.86 at p≤ 0.01) (Appendix 
2). The protein content had a highly negative correlation with appearance (r = -0.80 at p≤ 
0.01) and hand feel (r = -0.82 at p≤ 0.01). It also negatively correlated with the overall 
chapatti quality (r = -0.68 at p≤ 0.05). The Falling Number of all the samples was above 
400s and designated sound for chapatti and bread making (Table 6).  
 
 
 
 
 
 
 
 
 
 
54 
 
 
 
Table 6- Physico-chemical characteristics of wheat and wheat flour 
Cultivar 
Moisture 
Content1 
(%) 
Hectolitre weight2 
(kg/hL) 
Thousand Kernel 
Weight2 (g) 
Grain 
Hardness2 (N) 
Ash 
Content2 
(%) 
Falling 
Number3 (sec) 
Protein 
Content3 
(%) 
DSDT-2 8.32 81 36 126 1.93 411 13.8 
Gold Vijay 8.00 81 52 152 1.41 484 12.7 
Gold 21 8.19 90 50 165 1.49 509 11.8 
Attrack 8.16 83 34 129 1.85 513 14.5 
Gold 23 8.02 85 53 164 1.61 559 11.2 
Gold 
Bhanudas 
7.88 82 54 161 1.49 453 
12.2 
Tajan 7.95 82 34 124 1.87 421 14.3 
Gold 
Madhukar 
7.59 82 54 156 1.51 404 
13.4 
EGA 
Gregory 
7.68 80 32 108 1.98 433 
11.8 
1 = Readings taken from wheat flour at harvest, 2 = readings taken at 14% moisture basis of seeds and flour. 3 = Protein content from flour at 14 % moisture basis.  
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2.3.3) Chapatti scoring  
All the chapattis puffed well on a household portable gas burner, demonstrating that 
this method can be used as a substitute to a tandoor for puffing (Figure 5). Direct exposure 
to a high temperature rapidly increased vapour formation inside the chapatti laminae and 
caused puffy chapattis (Shurpalekar and Leelavathi, 1989). Although the time available to 
measure the puffing on the portable gas burner was limited (4 s), producing a video and 
later capturing the frame of the most highly puffed image allowed the puffed height to be 
measured. The puffiness in the chapatti causes two discrete laminae which in turn have 
different pliability. The pliability also varied based on the region of the chapatti from which 
the test piece was taken. To ensure consistent sampling, the pliability of a quadrant piece 
of chapatti was tested to find the ease of folding. Gold 21 had the highest chapatti score 
(86) followed by Gold 23 (81), these being significantly higher than all other genotypes 
(p<0.5). Attrack had the lowest chapatti score (54). Gold 21, Attrack, Gold 23 and EGA 
Gregory needed the highest water for dough formation (100%) while Gold Madhukar needed 
the lowest (95%) (Table 7). The chapatti score was subjected to multiple correlation analysis 
to find the correlation coefficient (r) using SPSS. A positive correlation was observed 
between chapatti overall score and appearance (r = 0.83 at p≤ 0.01), hand feel (r = 0.81 at 
p≤ 0.01) eating quality (r = 0.93 at p≤ 0.01) and taste (r = 0.93 at p≤ 0.01) (Appendix 2).  
 
 
Figure 5- Puffing of chapatti on a portable gas burner. 1: DSDT 2; 2: Gold Vijay; 3: 
Gold 21; 4: Attrack; 5: Gold 23; 6: Gold Bhanudas; 7: Tajan; 8: Gold 
Madhukar; 9: EGA Gregory.
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Table 7- Chapatti quality scores of wheat cultivars 
Variety 
Water for 
dough (%) 
Puffing 
score (10) 
Pliability 
(10) 
Appearance 
(20) 
Hand feel 
(10) 
Eating quality 
(25) 
Taste (25) 
Total score 
(100) 
DSDT-2 98 5± 0.26b 5± 0e 14.77± 0.21d 
6.33± 
0.21e 
14.0± 0.26e 
15.77± 
0.21e 
60.7± 0.49f 
Gold Vijay 98 6± 0a 4± 0.37f 16.77± 0.21b 
6.67± 
0.21de 
20.3± 0.21c 
20.77± 
0.21b 
74.3± 0.49e 
Gold 21 100 6± 0a 9± 0.26a 17.77± 0.21a 
8.33± 
0.21a 
22.8± 0.21a 
22.30± 
0.21a 
86.0± 0.52a 
Attrack 100 5± 0.26b 7± 0.37c 10.30± 0.21e 
5.67± 
0.21f 
11.3± 0.21f 
15.30± 
0.21e 
54.7± 0.56g 
Gold 23 100 6± 0a 8± 0.26b 17.77± 0.21a 
7.67± 
0.21b 
21.3± 0.33b 
20.77± 
0.22b 
81.2± 0.7b 
Gold Bhanudas 98 6± 0a 6± 0d 17.3± 0.21a 7.00± 0cd 20.3± 0.21c 
19.77± 
0.33c 
76.3± 0.71d 
Tajan 98 6± 0.26a 4± 0.26f 9.33± 0.21f 
4.67 ± 
0.34g 
18.3± 0.21d 
18.30± 
0.21d 
60.5± 0.34f 
Gold Madhukar 95 6± 0a 7± 0c 17.30± 0.21a 
7.33± 
0.21bc 
20.3± 0.21c 
20.30± 
0.21b 
78.3± 0.21c 
EGA Gregory 100 6± 0a 3± 0.37g 15.30± 0.21c 7.00± 0cd 14.3± 0.21e 
14.77± 
0.21f 
60.3± 0.61f 
Values in parenthesis denote the maximum score for a particular chapatti quality attribute. Values after mean show SEM and any mean followed by different letters 
are significantly different at p<0.05 
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2.3.4) Kieffer dough extensibility testing and uniaxial extensibility for baked chapatti 
strips 
In the Kieffer dough extensibility rig used for testing extensibility of chapatti strip, Gold 
21 had the highest extensibility (30mm) whereas EGA Gregory had the lowest (24mm). The 
resistance to extension was lowest for EGA Gregory (1.54 N) while highest for Attrack (2.61 
N). In the Uniaxial extension of the chapatti strip, the highest resistance to extension was 
found in Gold Bhanudas (401g) and the lowest in EGA Gregory (96g). Extensibility by 
Uniaxial chapatti extension was highest for EGA Gregory (14mm) and lowest for Tajan 
(13mm). All the parameters of the texture analysis were subjected to correlation with chapatti 
quality. The use of a Kieffer dough extensibility rig for testing the extensibility of the chapatti 
strips had a highly positive correlation with overall chapatti score (r = 0.84, at p≤ 0.01), and 
pliability (r = 0.91, at p≤ 0.01), whereas it had positive correlation with hand feel (r = 0.72, at 
p≤ 0.05), chapatti eating quality (r = 0.68, at p≤ 0.05) and taste (r = 0.80, at p≤ 0.05) but the 
resistance to the extension of the chapatti strip did not correlate with any chapatti quality 
parameter at 0.01 or 0.05 level of significance (Correlations shown in Appendix 2). In the 
Uniaxial extension of the chapatti, the resistance to the extension of the chapatti had a 
significant positive correlation with overall chapatti quality (r = 0.67 at p≤ 0.05) (Appendix 2). 
(Details of results mentioned in Table 8). 
A Kieffer dough extensibility rig has been used to find the extensibility of dough 
(Dunnewind et al., 2003), but there have been no reports of its use to determine the 
extensibility of chapatti. Dough extensibility and dough strength have a negative correlation 
(Nash et al., 2006). A baked chapatti is expected to have an optimal extensibility and lower 
resistance to extension. In the present study, the Kieffer dough extensibility rig was used for 
chapatti strip testing and gave a strong correlation with pliability, hand feel, eating quality, 
taste and overall chapatti score. The chapatti pliability is a very important attribute governing 
chapatti quality (Haridas Rao et al., 1986). The soft and pliable chapatti gives a good eating 
quality and hand feel. Hence, the Kieffer dough extensibility rig can be used as an objective 
scoring instrument for measuring pliability in chapatti testing. Gujral and Pathak, (2002) 
described the application of a texture analyser to determine the extensibility of chapatti. The 
uniaxial extension correlated only with overall chapatti quality. The current study partly 
agrees with the findings of Yadav et al., (2012) who found a highly significant correlation of 
chapatti extensibility with taste, texture and chapatti overall acceptability. A probable reason 
for this may be the difference in the  
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dimensions of the chapatti strip taken and the speed used to pull the clamps in the texture analyser while testing the chapatti extensibility. 
More experiments need to be done to determine the applicability of uniaxial chapatti extensibility in chapatti quality prediction (Appendix 
2). 
 
Table 8- Kieffer dough extensibility rig and uniaxial extension for texture analysis of chapatti strips 
 Kieffer Dough Extensibility Rig1 Uniaxial Extension2 
Variety Extensibility (mm) 
Resistance to 
extension (N) 
Extensibility (mm) 
Resistance to 
extension (g) 
DSDT-2 24.79± 0.26e 2.15± 0.077b 13.4 161.22± 29c 
Gold Vijay 26.14± 0.28d 2.59± 0.15a 14.00 116.992.2de 
Gold 21 30.14± 0.52a 2.03± 0.093bcd 14.2 257.22± 0.91b 
Attrack 26.44± 0.31cd 2.61± 0.21a 14.00 140.3± 17cd 
Gold 23 27.96± 0.33b 2.11± 0.11bc 13.6 280.88± 23b 
Gold Bhanudas 27.08± 0.34bc 1.7± 0.17de 13.99 402.00± 5.2a 
Tajan 24.73± 0.33e 1.75± 0.16be 13.22 152.33± 4.4cd 
Gold Madhukar 27.82± 0.13b 1.74± 0.15ce 13.99 274.3± 16b 
EGA Gregory 24.14± 0.31e 1.54± 0.078e 14.33 96.00± 5.9e 
1Mean of six readings for each cultivar; 2 mean of three readings for each cultivar; values after mean show SEM and any mean followed by different letters are 
significantly different at p<0.05
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2.3.5) Bread score 
The farinograph water absorption of dough was used as the basis for dough 
preparation and after baking, the scorecard was used to score the bread. The bread score 
was highest for DSDT 2 (48) and lowest for Gold 23 (29) (Table 9, Fig. 6). The water 
absorption was highest for Gold 23 (72%) and lowest for Gregory (61.6%). DSDT 2 had 
highest loaf volume score (18), highest crumb texture (9) and highest cell distribution score 
(5). This cultivar also had the best overall bread score (48). In contrast, Gold 23 had the 
lowest loaf volume score (3), external loaf appearance score (3), lowest crust colour score 
(2), lowest crumb texture score (3), lowest cell distribution score (2), and lowest cell structure 
score (2). This cultivar also had the lowest overall bread score (28.8) (Table 9, Figure 6). 
 
 
Figure 6- Bread made from nine wheat cultivars showing difference in their loaf 
volumes. 1: DSDT 2; 2: Gold Vijay; 3: Gold 21; 4: Attrack; 5: Gold 23; 6: 
Gold Bhanudas; 7: Tajan; 8: Gold Madhukar; 9: EGA Gregory. 
 
2.3.6) Comparing chapatti and bread quality 
In the present study, the bread overall score was negatively correlated with chapatti 
overall score (r = -0.77) and eating quality (r = -0.72) (Appendix 2). There has been little 
research on comparisons between chapatti and bread quality. The HMW-GS Glu-1Bx20 
was found associated with good chapatti quality (Sreeramulu et al., 2004). This result was 
in accordance with Anjum et al., (2007) who also found the same glutenin subunit 
responsible for poor bread making quality, but recommended more such samples to be 
screened to confirm the finding. A study by Rehman et al., (2007a) included chapatti making 
from British wheat cultivars and this study stated that British wheat cultivars are good for 
bread making and poor for chapatti quality. In this study, chapatti making was done without 
a standard method, the sensory panel including untrained/semi trained 
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Table 9- Bread making score of wheat cultivars 
Variety 
water 
absorption 
(%) 
Loaf 
volume 
score      
(20) 
External loaf 
appearance 
(5) 
Crust 
colour 
(5) 
Crumb 
texture 
(10) 
Cell 
distribution 
(5) 
Cell 
structure 
(5) 
Crumb 
colour 
(10) 
Total 
bake 
score 
(60) 
DSDT-2 65.4 18.0 3 3 9 5 5 5 48.0 
Gold Vijay 65.8 14.5 4 2 3 3 2 4 32.5 
Gold 21 69.4 14.0 3 3 5 3 3 5 36.0 
Attrack 69.8 15.0 4 3 6 4 3 5 40.0 
Gold 23 72.0 11.8 3 2 3 2 2 5 28.8 
Gold Bhanudas 70.8 12.8 3 2 3 2 2 5 29.8 
Tajan 65.0 16.3 4 3 7 3 4 6 43.3 
Gold Madhukar 69.0 13.1 4 2 5 3 3 5 35.1 
EGA Gregory 61.6 16.3 4 5 6 3 4 5 43.3 
Values in parenthesis denote the maximum score for the quality attribute. 
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sensory panellists and the sensory evaluation was performed three hours after the chapatti 
making. The chapatti quality is best when evaluated fresh, as the chapatti later reduces in 
quality due to starch retrogradation (Ghodke Shalini and Laxmi, 2007; Gujral and Pathak, 
2002). But the testing was done consistently for all the samples and can be evidence of 
inverse correlation in chapatti and bread making. The present study is in accordance with 
the study of Rehman et al., (2007a) which predicted that wheat for good chapatti quality 
does not give good bread quality. 
Bread is made from hard wheat (Ramírez et al., 2003; Wang et al., 2012) while chapatti 
requires medium hard wheat for optimum quality (Austin and Ram, 1971). Bread needs 
about 13% protein for optimum quality (Zanoni et al., 1993), whereas chapatti requires 10% 
to 13% (Austin and Ram 1971). High specific loaf volume is an index of bread quality, which 
is associated with a lower gliadin/glutenin ratio (Dhaka and Khatkar, 2015). Equal quantities 
of glutenin, gliadin and residual proteins give optimum chapatti quality (Ram and Nigam, 
1982). About 10% of damaged starch is produced in a disc mill (Shurpalekar and Prabhavati, 
1976) while 7% to 8% of damaged starch is produced in a roller mill (El-Porai et al., 2013; 
Goesaert et al., 2005).  About 14 to 16 % of damaged starch gives better chapatti quality 
(Shurpalekar and Leelavathi, 1989). On the other hand, damaged starch content is 
negatively correlated with loaf volume (Barrera et al., 2007) and moderate amounts of 
damaged starch are desired for bread. Both chapatti and bread require flour with some 
similar minimal characteristics such as a minimum level of flour damage and protein content. 
However, the negative correlation between chapatti and bread quality found with the 
different genotypes examined in this study, suggests some different requirements: for 
example, in the optimal composition of the protein fraction. 
 
2.3.7) Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of wheat 
cultivars  
 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used 
to determine the HMW-GS composition of the wheat samples (Fig. 7) but no correlation 
between it and chapatti quality was revealed in the present study (Table 10).  
The glutenin proteins are the elastic proteins found in the gluten, providing extensibility to 
the dough (Shewry et al., 2000). It has been estimated that as much as 55 – 67% of the 
variation in bread quality is due to HMW-GS composition (Payne et al., 1987). Dough 
elasticity is an important desired character in both chapatti and bread. The Glu-1 score was 
not able to discriminate between the wheats with differing chapatti and bread making  
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Table 10- SDS-PAGE of HMW-GS and Glu-1 scores of 9 wheat cultivars and control 
wheat varieties. 
Varieties 
HMW-GS 
Glu-1 score 
Glu-A1 Glu-B1 Glu-D1 
Vijay 2* 17+18 2+12 8 
Gold 21 2* 7+8 2+12 8 
Tajan 2* 13+16 5+10 7 
EGA Gregory 1 7+8 2+12 8 
DSDT-2 2* 7 5+10 8 
Gold Madhukar 2* 7+8 2+12 8 
Gold 23 2* 7+8 2+12 8 
Attract 2* 7+9 5+10 9 
Gold Bhanudas 2* 7+8/17+18 2+12 8 
Std. Spelt wheat Null 6+8 5+10   
Std. Spelt wheat 1 6+8 2+12   
MACS 2496 1 7+9 5+10   
MACS 2496 1 7+9 5+10   
 
 
 
 
Fig. 7. SDS-PAGE of wheat varieties showing the different HMW-GS bands as 
compared to control. Lane 1=Gold Vijay; 2= Gold 21; 3= Tajan; 4= EGA Gregory; 5= 
DSDT 2; 6= Gold Madhukar; 7= Gold 23; 8= Attrack; 9= Gold Bhanudas; 10, 11= 
standard spelt wheat; 12 and 13= MACS 2496.  
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scores tested in this study. Moreover, the type and quantity of proteins are both important 
factors determining the chapatti quality (Srivastava et al., 2003). The HMW-GS Dx5 and 
Dy10 render strength to dough but the effects of these two subunits are qualitatively and 
quantitatively different (Blechl et al., 2007). Bhatnagar et al., (2002) and Srivastava et al., 
(2003) suggest that the presence of allele Dx5 and Dy10 may be good for chapatti quality. 
In contrast, Anjum et al., (2000) found no correlation between Dx5 and Dy10 subunits and 
chapatti quality. Sreeramulu et al., (2004) and Srivastava et al., (2003) found the subunit 
Dx5 + Dy10, Dx2 + Dx12 and subunit Bx7 + By9 and Bx17 + By18 in good as well as bad 
chapatti. Hence, the relationship between specific alleles and chapatti quality is not clear. A 
probable reason is the varied quantity of these alleles expressed in the total protein of the 
flour.  
The current findings show that wheat varieties with Dx5 and Dy10 give sub-optimal 
chapatti quality, whereas Dx2 + Dy12 give the best chapatti score. Gold 21 and Gold 23 
both had a combination of subunit Ax2*, Bx7 + By8 and Dx2 + Dy12, though they varied 
slightly in the chapatti overall score. It can be hypothesized that the chapatti quality depends 
upon both the quality of the glutenin subunits and the quantity present in the flour. The 
present study has suggested further investigation of the role of individual HMW-GS proteins 
or the combinations of HMW-GS and molecular weight distribution of the polymer in wheat 
flour in determining chapatti quality.  
 
 
2.4) Conclusion 
From this study, it can be concluded that the wheat for good chapatti quality does not 
necessarily give good bread quality. There is a lack of data for definition of the ideal 
parameters for chapatti quality; hence the physico-chemical parameters found in Gold 21 
could be used as a benchmark for good chapatti quality. 
 The Kieffer dough extensibility rig and uniaxial chapatti extension can be used to 
determine chapatti texture or chapatti quality. The Kieffer dough extensibility rig allows 
objective scoring of chapatti. A study with a larger set of samples will be required to correlate 
the chapatti scoring pattern with the texture analyser. The SDS-PAGE of HMW GS can 
support the breeding of wheat for alleles desirable for bread quality, but cannot be used to 
determine chapatti quality. Thus, the Texture Analyser is appropriate for chapatti texture 
analysis.  A protein found to be expressed at high levels, especially in Australian Prime Hard 
Wheat varieties with good bread quality characteristics (Furtado et al., 2015), has recently 
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been confirmed as contributing to bread quality in the wider wheat gene pool (Guzmán et al., 
2016).  This provides a significant advance in understanding the genetic basis of variation in 
bread quality. However, identification of the molecular determinants of both bread and 
chapatti quality will be essential to managing access to diversity in the chapatti and bread 
wheat gene pools. The molecular basis of chapatti quality remains poorly defined. 
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Chapter 3- Chapatti quality testing of 34 Australian Winter Cereal 
Collection (AWCC) genotypes and 9 wheat genotypes of 
Green Gold Seeds (GGS) wheat collection 
 
3.1) Introduction 
The understanding of genetic components and candidate genes for chapatti quality 
is very important and is an area yet under research. It evolved from research that showed 
that glutenin genes control chapatti quality, hence proving that chapatti quality is a 
genetically controlled character (Anjum et al., 2000; Sreeramulu et al., 2004; Srivastava et 
al., 2003). There are also other biochemical components like triticin, starch or lipids in wheat 
which regulate chapatti quality (Goel et al., 2015; Ohm and Chung 2002; Singh et al., 1993; 
Wang et al., 2014). Review of literature reveals that the identification of putative candidate 
genes specifically for chapatti quality has been done on a smaller set of wheat samples 
(Anjum et al., 2000; Sreeramulu et al., 2004; Srivastava et al., 2003; Srivastava et al., 2002). 
The chapatti making quality of 9 wheat genotypes of GGS wheat collection was successfully 
examined and explained in Chapter 2. The chapatti quality tests were suitable for quality 
assessment but indicated high subjectivity in the scoring pattern. The chapatti quality 
characters and their correlation thus need to be examined on a larger data set to reduce 
errors, so as to obtain rigid correlation data between biochemical parameters affecting 
chapatti quality. 
 Haridas Rao et al., (1986) mentioned the use of the Kamas hammer mill using 0.8 
mm mesh to replicate the milling for assessing wheat varieties for chapatti quality. In the 
present investigation, to have a minimal variation in particle size among the replicates, a 
Tecator cyclotec mill fitted with a 0.8 mm sieve was used for flour making. This offers uniform 
milling and replication of the milling can be done to obtain flour of similar particle size 
(Haridas Rao et al., 1986). Checking the hardness of the seed is an empirical method of 
testing the quality of wheat and provides anecdotal evidence that medium hard wheat gives 
good chapatti quality (Prabhasankar et al., 2002).  Gluten controls the rheological character 
of the chapatti dough (Srivastava et al., 2002). Farinograph and extensograph are used to 
find the rheological characters of the dough usually used in assessing dough quality. The 
major farinographic quality parameters are water absorption, dough development time, 
stability, time to break down the dough and mixing tolerance index. For a good quality 
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chapatti, the dough needs to have a consistency of 500 BU. Lower consistency makes the 
dough less viscous, while higher consistency makes it too stiff to roll. Dough formation in 
farinograph is relative to the extensograph. The higher mixing of dough in the farinograph 
gives reduced extensibility (Oliver and Allen, 1992). The extensibility of the dough can be 
found with the help of an extensogram. The extensograph can find the energy needed to 
stretch the dough, resistance of the dough to extension and the extensibility of dough. All 
these extensograph parameters can be found at various proving times to find their effect on 
dough extensibility.  
Srivastava et al., (2003) indicated 120 g/kg of gluten while Ram and Nigam, (1982) 
suggested a relative quantity of glutenin, gliadin and residual proteins in the gluten is better 
for a good quality chapatti quality. There is very little evidence supporting the fact that the 
quantity of gluten in the flour is actually responsible for the chapatti quality or that the specific 
proteins in the gluten itself controls chapatti quality (Ram and Nigam, 1982; Srivastava et 
al., 2003). The details of the specific alleles of gluten proteins and their effects on chapatti 
can further strengthen our understanding regarding chapatti quality. Gluten tends to swell in 
the presence of lactic acid and sedimentation shows its positive correlation to bread loaf 
volume. Sedimentation testing can assess variation in both quality and quantity of wheat 
gluten and is used in bread quality prediction, but there is limited evidence of its correlation 
with chapatti quality (Prabhasankar et al., 2002; Srivastava et al., 2003). Similarly, the effect 
of many other unexplored physico-chemical parameters on chapatti quality and the 
correlation between them can be understood provided there is data on large sample sets. 
Transcriptome has been used to relate the abundance of transcripts to several 
physiological changes in developing wheat endosperm (Wan et al., 2008). The major 
transcription is over within 14 days post anthesis, denoting completion of cell division (Evers 
and Millar 2002), filling the endosperm with proteins and starch deposits. At 28 days post 
anthesis, the deposition of stored reserves decreases, starts to desiccate and matures in 
about 42 days post anthesis (Wan et al., 2008). The transcriptomic sequence data provide 
information on the alleles differentially expressed in the wheat samples, providing detailed 
information on all the genes expressing their proteins. Hence, with this study, chapatti quality 
attributes can be correlated with physico-chemical characteristics and total chapatti score to 
find their association with genetic factors. Preceding the association genetics of chapatti 
quality, two basic things stay key: the chapatti quality data and the transcriptomic sequence 
data on the samples under study. So, there is a need to first select a diverse population of 
wheat and obtain phenotypic data on chapatti quality. The scores of the chapatti can be a 
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key factor segregating the diverse population into good or bad quality wheat. The extremes 
of the qualities of the chapatti can help us identify the candidate genes for chapatti quality. 
With this view, chapatti making from the 34 Australian Winter Cereal Collection (AWCC) and 
the collection of 9 Green Gold Seeds (GGS) wheat genotypes (which denoted a diverse 
gene pool) was undertaken for chapatti quality analysis. The experiments to obtain the 
chapatti quality score and the physico-chemical parameters affecting the chapatti quality 
were planned and carried out. These data are very valuable in studying the association 
genetics with the help of the transcriptome profiles of the selected wheat genotypes. Thus, 
the present chapter aimed to gather the data on the total chapatti score from all the selected 
wheat genotypes. The chapatti quality score was further subjected to correlation analysis to 
find associations between all the physico-chemical parameters and use it as a raw data for 
association genetics study. These data are further used to group the genotypes as good or 
poor for chapatti quality and to design experiments to perform poor versus good chapatti 
transcriptome analysis. 
3.2) Materials and method 
3.2.1) Seed sample  
The seed of thirty-five Triticum aestivum L. genotypes were sourced from the 
Australian Winter Cereal Collection (AWCC), Australia. The first multiplication of these 
genotypes was done in December 2013 and harvested variably due to differences in their 
flowering times. Based on the amount of flour needed for phenotypic analysis of wheat, the 
second multiplication of samples was done in November 2014 in the same way so that 
sufficient wheat seeds were available for chapatti making and physico-chemical analysis. 
Based on anecdotal evidence of good chapatti making, nine wheat genotypes (Triticum 
aestivum L.) from the Green Gold Seeds (GGS, Aurangabad, India) wheat collection were 
selected for phenotypic and physicochemical analysis of flour and chapatti. However, the 
transcript sequence data of the 8 wheat genotypes of the GGS wheat collection were not 
available except for cv EGA Gregory. All the seeds after harvest were cleaned and the 
extraneous material was removed prior to milling. The cv EGA Gregory was imported from 
the National Variety Trials, Brookstead in 2012. This genotype was multiplied along with that 
of other genotypes from the GGS wheat genotype collection in the multiplication 
programme. Hence cv EGA Gregory from the 2012 batch had one replication more than the 
genotype imported from AWCC. The sowing of all the seeds aimed to obtain a minimum of 
3 kg seeds per sample. The cv Vega failed to adapt to the environment and did not flower. 
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The cv Vega was rejected and the rest of the 34 genotypes were harvested. Thus out of 35 
imported germplasm, 34 were successfully multiplied in GGS fields and used. Chapatti 
making from diverse germplasm from AWCC and GGS was planned and carried out from 
the seeds obtained after the second multiplication, along with a promising Indian wheat 
genotype (cv Samadhan) used as a control in chapatti quality assessment. It was procured 
from Mahatma Phule Krishi Vidyapeeth, Rahuri and was used in chapatti making. 
3.2.2) Milling of wheat samples 
The wheat samples obtained after harvest were milled in a Tecator cyclotec mill, fitted 
with a 0.8 mm sieve. The mill was specially designed so that all of the flour after milling was 
collected at the bottom of the mill while the bran was retained in the drum. Milling was carried 
out until all of the flour was extracted from the endosperm, leaving coarse bran particles 
inside the drum. All the bran in the drum was added back to the flour and was mixed 
thoroughly to homogenate the bran and flour. Hence, whole wheat flour was collected after 
milling. Around 1.5 kg flour of all the samples were prepared and kept overnight to cool in 
cotton bags after milling. The milling of all wheat samples was done in the same mechanized 
mill, enabling replicated milling performance for all samples. The feed rate of the mill was 
monitored and had to be altered manually depending on the wheat grain hardness. Hence 
the rates of milling of all the genotypes were variable, but the resultant particle size of the 
flour was consistent throughout the milling for all the samples as every flour sample came 
from a 0.8mm sieve. After every milling, the mill was opened and cleaned with a brush and 
a vacuum pump to remove all of the residual wheat flour after milling so as to avoid any 
cross contamination of flour while milling the seeds of successive wheat genotypes. This 
resultant flour was used for physico-chemical or phenotypic chapatti quality screening. 
3.2.3) Physico-chemical tests 
The wheat flour so obtained was removed in the morning and mixed thoroughly 
before taking the flour sample for any test. Different wet and dry physico-chemical tests were 
performed before proceeding to the chapatti quality assessment. 
3.2.3.1) Moisture content 
The seeds were harvested and sundried prior to milling. The moisture content of 
same seeds was measured following the AACC 44-15.02 method. The moisture of the same 
seeds after sun drying was estimated by the same method in duplicate.  
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3.2.3.2) Seed hardness 
The seed hardness was found by use of a Universal Texture Analyser, using the 
compression force needed to crack the seed. The plate compressor probe was used, 
compressing the wheat seed with a speed of 1 mm/min until it was cracked. The wheat seed 
was placed with its crease facing downward while the probe compressed the seed. The 
compressor probe estimated the maximum force needed to break the wheat seed. A mean 
of five values of compression force was recorded for all the genotypes. The seed hardness 
was expressed as force needed to crack the seed and denoted as ‘N’.  
3.2.3.3) Ash content: 
The ash content is reported as dependent on the bran content of the flour. The ash 
content was estimated from the flour. So, the wheat flour of each sample was properly 
homogenized and ash content was estimated following analysis by the AACC 08-03.01 
method in duplicates.  
3.2.3.4) Hectoliter weight 
The Hectoliter weight was measured with a specialized instrument to measure the 
weight of wheat seeds in 100 ml volume. The resultant value was recorded in the form of 
weight (kg) per 100 litres (hL). The Hectoliter weight was taken in duplicate to get a mean 
value.   
3.2.3.5) Protein content  
The protein content estimation was made using a Near Infrared Reflectance (NIR). 
The NIR was calibrated as per the guidelines mentioned in the AACC method 39-00.01 with 
100 standard samples. Further, protein content estimation was made by the AACC 
approved NIR method 39-10.01 for wheat grains. The resultant reading gave protein content 
on a percent basis. 
3.2.3.6) Sedimentation tests 
The sedimentation test was performed by using the AACC 56-61.02 method as a 
non-replicated test to find the gluten quality. All the flour samples were analysed on a 14% 
moisture basis on the same day. The flour sample was milled as per the requirement for a 
Brabender mill. The sieves after sieving were thoroughly dusted and cleaned with a vacuum 
cleaner to avoid any cross contamination of flour.  
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3.2.3.7) Farinograph analysis  
The farinograph analysis was carried out by using the AACC 54-21.02 method. The 
moisture content of the flour was estimated by using the AACC 44-15.02 method. The flours 
were further used after adjusting their moisture content to 14%. The farinograph was 
performed in a 300g mixing bowl with flour weight kept constant as 300g on a 14% moisture 
basis. The water circulating in the farinograph mixing bowl was maintained at a constant 
temperature of 30°C for one hour prior to use of the farinograph so that the bowl attained a 
uniform temperature. The farinograph was set to mix at 63 rpm and run for one min to 
confirm that the farinograph ran on the 0 line on the graph. The farinograph program installed 
on the desktop provided the approximate water absorption based on the protein content of 
the flour. The water absorption value provided by the program was used for first titration 
attempt. The water was added to get the curve for the first titration attempt and then the 
curve was observed so as to get the idea for better water absorption calculation for the next 
farinograph titration. The second or third titration attempt was done to get a better and 
accurate reading of water absorption based on the understanding that 1.8-2.4 ml of water 
made a difference of about 20 BU. The final water absorption was recorded as the curve the 
reached 500 ± 20 BU line. During the final titration, all of the water was added within the first 
25 seconds and the farinograph allowed running for 20 min so as to get the rheological 
values of the dough from the farinograph curve. The time interval nearest to 0.5 min from 
the first addition of water, until attaining the maximum consistency was recorded as peak 
time. Similarly, stability, mixing tolerance index and dough breakdown time were noted. The 
mixing bowl was washed, cleaned and greased every time for a new set of samples. 
3.2.3.8) Extensograph 
The farinograph curves were used as reference water absorption for the 
extensograph. Dough was prepared by taking two percent less water for soft wheat or three 
percent less for hard wheat, with the addition of 6g salt in the water to compensate for the 
effect of salt on the dough consistency as per the manual. Mixing was done for one min at 
63 rpm after adding the brine. The dough was allowed to hydrate without mixing for 5 min 
and then the mixing of the dough was resumed for the full dough development time of the 
farinograph. The test was repeated until the consistency was obtained as 500 ± 20 BU. From 
the so-developed dough, 150 g was rolled and shaped in the balling unit, which revolved at 
the rate of 83 rpm and it was held in a cradle with dough clamps. The holding chamber had 
some water still inside for maintaining the humidity of the chamber. The dough clamped 
71 
 
 
cradle was kept inside this holding chamber for resting. Then, the cradle was put in the 
holder placed below the extension hook for measuring the extension of the dough. The hook 
stretched the dough, moving downwards at a rate of 14.5 mm/s. Extensograph tests were 
carried out for the proving times of 30 min, 60 min and 90 min and the doughs were 
evaluated for the four most common measurements, namely resistance to extension, 
extensibility, area under curve (energy required to stretch dough) and ratio between 
resistance to extension and extensibility.  
3.2.4) Chapatti making  
The farinograph was used to ascertain the dough development time and the water 
absorbed by the dough in all the genotypes at 500 BU. For chapatti making, the dough was 
prepared with the same amount of water and with development time specific to the 
genotypes. The developed dough of a consistency at 500 BU was rested for 10 min. Later, 
the flour of the same sample was taken to pat around the dough ball to avoid its sticking to 
the rolling pin. A standard rolling platform to obtain a uniform 2mm thickness dough sheet 
was fabricated as per Haridas Rao et al., (1986)’s method to roll the dough ball. A circular 
disc of 15 cm radius was cut out of the sheeted dough to get a standard chapatti. All the 34 
AWCC and 9 wheat genotypes of the GGS wheat collection along with a control (cv 
Samadhan) were used to make chapatti following Haridas Rao et al., (1986). The chapatti 
was baked on a thermostatically controlled hotplate maintained at 205°C. The chapatti was 
baked for 45 sec on one side, then flipped to bake for 105 sec on other side and then put 
on an LPG gas flame for not more than 5 sec or until it puffed. A camera was used to film 
the puffing of the chapatti, with a scale fitted behind the chapatti to monitor the puffed height. 
The chapatti was rested for about 15 min at room temperature and immediately used for 
organoleptic scoring.  
3.2.5) Chapatti scoring  
The chapattis were produced in triplicate and scored by three trained sensory 
panellists. Scoring was based on quality characters as described by Haridas Rao et al., 
(1986). A scorecard was prepared for puffing (10), pliability (10), appearance (20), handfeel 
(10), texture (25) and taste (25). The values in parenthesis indicate the score for the chapatti 
quality attribute. These were the same parameters used to estimate the chapatti scores of 
commercial varieties of wheat in the method described by Haridas Rao et al., (1986).  The 
total chapatti quality score was the addition of all the individual scores for each quality 
attribute needed to obtain an aggregate score for chapatti quality. These total chapatti 
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quality scores were finally used to identify the good and poor chapatti making wheat 
genotypes. 
3.2.6) Statistical analysis 
All the statistical analyses were carried out with statistical program IBM SPSS 
Statistics, (version 20). The mean values were calculated and correlation coefficients (‘r’ two 
tailed) were found at 0.01 and 0.05 level of significance using the same programme. The 
least significant difference was calculated at 0.05 level of significance. 
 
3.3) Results  
3.3.1) Physico-chemical parameters 
The data on the physico-chemical parameters of the genotypes are given in Appendix 
3. Among the genotypes, Huandoy had maximum (7.0%) seed moisture content, while it 
was minimum (4.6%) in Ellison. The seeds of Bob White S-26 were hardest (144.88 N), 
however, hardness was lowest (21.88 N) in NW93A. The highest ash content (2.9%) was 
found in AMURSKAJA 75, while was lowest (1.1%) was in MARTONVASARI 13 T. Hectoliter 
weight was the most in Bob White S-26 (82.61 kg/hL) and minimum in AMURSKAJA 75 
(65.03kg/hL). The total grain protein content was highest in AMURSKAJA 75 (14.57 %) 
whereas Gold Madhukar had the lowest at 9.99 %.  
The farinograph tests of all the flour samples exhibited their water absorption, dough 
development time, stability, time to break down the dough and the mixing tolerance index 
(Appendix 4). The highest farinographic water absorption was found in cv Gabo (87.7 %) 
while the lowest was in cv Giza 139 (63.8%). The control had absorption of 63.4%. The cv 
ELLISON required the highest time for dough development (15.9 min) and had highest 
stability (15.7min) but lowest mixing tolerance index (0 BU). However, cv Tunis 24 required 
the least time for dough development (3.2 min). The time to break down the dough was 
highest for cv Banks (20 min) while it was shortest for D.E.S. 367 (4 min). The dough stability 
of cv D.E.S. 367 was 1.4 min which was least among all the genotypes. The MTI was highest 
in cv KITE (130 BU).  
The extensograph testing of all the dough samples was done to find the energy 
needed to stretch the dough, resistance of dough to extension and the extensibility of the 
dough at 30 min, 60 min and 90 min proving time and the ratio of resistance to extension of 
dough to extensibility and tabulated in Appendix 5. The dough of cv AMURSKAJA 75 
needed highest energy (113 cm2 for 30 min, 134 cm2 for 60 min and 127 cm2 for 90 min) for 
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stretching while cv Qalbis required the least energy to stretch the dough (17 cm2 for 30 min 
and 21 cm2 for 60 min). The lowest energy for stretching the dough needed at 90 min proving 
time, was found for cv Gabo (18 cm2). The highest resistance to extension was found in cv 
AMURSKAJA 75 (647 BU for 30 min, 811 BU for 60 min and 717 BU for 90 min), while it 
was much low for cv Qalbis (95 BU for 30 min), cv India 259 (99 BU for 60 min) and cv 
Lerma Rojo (110 for 90 min). Extensibility was found to be maximum for cv Lerma Rojo (186 
mm for 30 min), cv Tunis 24 (170 mm for 60 min and 159 mm for 90 min), and cv Punjab 7 
had lowest extensibility (90 mm for 30 min, 95 mm for 60 min and 87 mm for 90 min). The 
highest ratio number was found in cv AMURSKAJA 75 (6.3, 7.9 and 6.7 for 30, 60 and 90 
min respectively). The lowest ratio number (ratio between resistance to extension and 
extensibility) was found in cv India 259 (0.6, 0.7, 0.8 for 30, 60 and 90 min respectively).  
3.3.2) Chapatti score 
There was noticeable variation among aggregate chapatti quality scores of the 
diverse wheat genotypes tested (Appendix 6). Among the GGS collection of wheat 
genotypes, cv Trimbak had the highest score for all the chapatti quality attributes like 
appearance (18.7/25), handfeel (7.9/10), texture (21.7/25), taste (21.1/25), pliability score 
(10/10) and puffing score (8.3/10). The cv Trimbak had a greater aggregate score 
(87.7/100), followed by Control- Samadhan (chapatti quality score 85.6/100). The lowest 
quality score from the GGS wheat genotype collection was for EGA Gregory (72.2/100), 
which was obtained from multiplication in 2012 at GGS farms; it had lowest appearance 
score (13.5/25), handfeel (4.8/10) and pliability score (9.3/10). The cv Attrack also had the 
lower total chapatti score (73.0/100) along with lowest texture (16.8/25) and puffing score 
(6.7/10). The cv Tajan had the lowest taste score (17.8/25). Among the AWCC wheat 
genotypes, cv KITE had the highest chapatti overall quality score (84.5/100). This was 
attributed to its high handfeel (7.6/10) and texture score (21.7/25). The appearance score 
was found highest in NW25A (18.2/25). The Iraq 46 had the highest taste score (21.4/25), 
pliability score (10/10) and puffing score (9/10) due to which it had the second highest overall 
chapatti quality score. The cv D.E.S. 367 had the lowest overall chapatti (68.3/100) and 
pliability score (3.7/10). cv NW51A had the lowest appearance (13.2/25) and handfeel score 
(5.1/10). cv Qalbis had lowest texture score (15.8/25). The cv Bob White S-26 had lowest 
taste score (15.7/25) while cv NW93A had the lowest puffing score (4.3) (Appendix 6).  
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3.3.3) Correlations between chapatti quality and other attributes 
The chapatti quality attributes were correlated with all the physico-chemical 
parameters of wheat and tabulated in Appendix 7. These correlations provided interesting 
associations of parameters with regards to chapatti quality. Among the chapatti quality 
attributes for chapatti scores, the appearance and texture were the highest rated 
parameters. The appearance of chapatti correlated with the MTI (r= 0.345 at 0.5 level of 
significance) and the puffing score (r= 0.347 at 0.5 level of significance). Puffing score was 
a minor parameter contributing 10% to the total chapatti score and was found to correlate 
with the hardness of the seed (r= -0.378 at 0.5 level of significance). The handfeel of the 
chapatti was the second minor chapatti quality attribute, which was found to negatively 
correlate with the dough development time (r= -0.326 at 0.5 level of significance) and dough 
stability (r= -0.316 at 0.5 level of significance) but positively correlated with the MTI (r= 0.393 
at 0.1 level of significance). The handfeel had a negative correlation with the area under 
curve of the extensograph (r= -0.307, -0.311, -0.315 for 30, 60 and 90 min proving time at 
0.5 level of significance). The total score of chapatti significantly positively correlated with 
the taste of the chapatti (r= 0.722 at 0.1 level of significance).  
The texture of the chapatti was the second highly scored parameter in chapatti 
quality, with 25 points, and was found to be negatively correlated with dough development 
time (r= -0.369 at 0.5 level of significance), stability of the dough (r= -0.421 at 0.1 level of 
significance), MTI (r= -0.394 at 0.1 level of significance), time to break the dough in the 
farinograph (r= -0.419 at 0.5 level of significance), and negatively correlated to the area 
under curve (r= -0.300 for 90 min proving time at 0.5 level of significance) of the  
extensograph. The pliability was one more attribute contributing 10% to the total chapatti 
score. It was found to correlate with the sedimentation value of the flour (r= 0.405 at 0.1 
level of significance) and the water absorption (r= 0.403 at 0.1 level of significance). 
The sedimentation value had positive correlation with the farinograph parameters like 
the dough development time (r= 0.483 at 0.1 level of significance), water absorption (r= 
0.397 at 0.1 level of significance) and dough stability (r= 0.564 at 0.1 level of significance). 
It also correlated positively with the extensograph parameters like area under curve (r= 
0.426, r= 0.410, r= 0.456 for 30, 60 and 90 min respectively at 0.1 level of significance), 
resistance to extension of the dough (r= 0.453, r= 0.386, r= 0.449 at 0.1 level of significance) 
whereas it negatively correlated with the extensibility of the dough at 30 min proving time 
(r= -0.312 at 0.5 level of significance).  
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While finding the correlation of other physico-chemical and rheological parameters, 
it was found that hardness correlated with water absorption (r= 0.341 at 0.5 level of 
significance). The dough development time correlated with the resistance to extension for 
all the proving times (r= 0.402 at 0.1 level, r= 0.336 for 0.05 level, r= 0.363 at 0.05 level of 
significance for 30, 60 and 90 min respectively) and area under curve of the extensograph 
(r= 0.452, r= 0.447, r= 0.445 for 30, 60 and 90 min respectively at 0.1 level of significance). 
Similarly, stability correlated with the area under curve of the extensograph (r= 0.458, r= 
0.497, r= 0.528 for 30, 60 and 90 min respectively at 0.1 level of significance) and resistance 
to extension of the dough at all proving times (r= 0.429, r= 0.385, r= 0.454 for 30, 60 and 90 
min respectively at 0.1 level of significance) in the extensograph.  
The MTI negatively correlated with the area under curve (r= -0.501, r= -0.509, r= -
0.517 for 30, 60 and 90 min respectively at 0.1 level of significance) and resistance to 
extension of the dough (r= -0.463, r= -0.438, r= -0.471 for 30, 60 and 90 min respectively at 
0.1 level of significance). The time needed to break the dough positively correlated with the 
area under curve of the extensograph (r= 0.473, r= 0.495, r= 0.492 for 30, 60 and 90 min 
respectively at 0.1 level of significance) and resistance to extension of the dough (r= 0.411, 
r= 0.375, r= 0.398 for 30, 60 and 90 min respectively at 0.1 level of significance). The total 
chapatti score negatively correlated with the time to break the dough (r= -0.313 at 0.5 level 
of significance) but positively correlated with MTI (r= 0.351 at 0.5 level of significance).  
Among the physical tests, hardness correlated with puffing score (r= 0.378 at 0.5 
level of significance) and the water absorption of the dough (r= 0.341 at 0.5 level of 
significance). There was a negative correlation between the protein content and hectolitre 
weight of the seeds (r= -0.548 at 0.1 level of significance). Additionally, in the chemical test, 
ash content had a negative correlation with protein content (r= -0.399 at 0.01 level of 
significance). The sedimentation value did not correlate with the protein content of the 
wheat.   
 
3.4) Discussion 
The texture and taste of chapatti carries the highest point on the chapatti quality 
scorecard. In the current findings, the texture score reduced with an increase in the dough 
development time, dough stability, MTI and the time to break the dough. All these 
farinographic parameters are related to the gluten /protein content of the flour. It was found 
in Chapter 2 that the protein content negatively affects the chapatti quality. Hence, it is 
evident from the current findings that texture is reduced as the protein content in the dough 
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increases. The total score of chapatti is a very subjective parameter, highly dependent on 
the texture, taste and pliability of the chapatti. The pliability of the chapatti is the result of the 
interaction of damaged starch and gluten matrix, forming a visco-elastic structure along with 
water. Wheat hardness increases the damaged starch content of the flour (Martin et al., 
2001) and higher starch damage increases the water absorption (Ghodke et al., 2009), 
thereby increasing the pliability of the chapatti (Hatcher et al., 1997).  
In the current findings, hardness positively correlated with the farinographic water 
absorption (r= 0.341 at 0.05 level of significance) which was similar to results found by 
Anjum et al., (2000). The water absorption also correlated with pliability (r= 0.403 at 0.01 
level of significance), which was also observed by Srivastava et al., (2002).  Hence it is 
evident that wheat hardness is a very important parameter for chapatti quality. The starch, 
protein and water are the important factors that regulate the taste of the chapatti. The overall 
chapatti quality did not correlate with the protein content and the result was in accordance 
with the findings of Hemalatha et al., (2007). Surprisingly, the total chapatti quality score did 
not correlate with the farinographic water absorption and was not in accordance with the 
findings of Paterson and Piggott (2006), Srivastava et al., (2002) and Rehman et al., 
(2007a). This is due to the fact that the results of the present study are based on a larger 
data set, while other researchers (Paterson and Piggott 2006; Srivastava et al., 2002; 
Rehman et al., 2007a) had smaller sets of samples, although the authors recommended 
larger data sets. The total chapatti score is based not only on water absorption but also on 
many other parameters like the texture, appearance and taste which are influenced by the 
gluten and starch content of the dough (Haridas Rao et al., 1986).  
The appearance of the chapattis was subjectively monitored for colour developed in 
the chapatti after baking. The appearance was found to be dependent on the MTI of the 
dough. Its interrelation marks the possibility of the aggregate of gluten, starch and water that 
imparts specific colour and appearance to the chapatti. It was observed that the darker and 
amber coloured dough gave poor appearance and reduced chapatti appearance score.  A 
creamish white chapatti is preferred and expected for good chapatti quality. The MTI is 
dependent on the protein quality, where lower MTI gives better bread quality dough. The 
current finding reveals that as the dough tends to be weaker, the chapatti appearance 
increases. Though the MTI correlates with the appearance, there is a limit to dough strength 
as well as chapatti colour, where very weak dough would not be suitable for good chapatti 
quality and a very whiter chapatti colour is also unacceptable. It was evident from the 
findings that handfeel reduced as dough strength increased. This was substantiated from 
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the proof that chapatti for better handfeel needed lower dough development time, lower 
dough stability and higher MTI. The higher area under curve designates better bread making 
quality. The study found its inverse correlation with chapatti quality as handfeel negatively 
correlated with the area under curve.  
 The physico-chemical parameters provided many correlations in support of our 
previous findings in Chapter 2. The sedimentation value, which designates the quality of the 
protein, was evident from our findings in the correlation between sedimentation value and 
water absorption, development time and stability of the dough, area under curve of 
extensograph. The sedimentation value also aptly correlated with the pliability value. But the 
sedimentation value also negatively correlated with the extensibility of the dough. This might 
be because the higher protein content renders the dough hard to roll and provides elasticity/ 
strength rather than giving extensibility to the dough. Hence, though higher sedimentation 
value provides a good pliability score, it hinders extensibility. Therefore, there needs to be 
a balance between dough strength and extensibility. 
The sedimentation value, however, did not correlate with the total chapatti score, 
which was in accordance with the results found by Prabhasankar et al., (2002). As opposed 
to this, Srivastava et al., (2003) found sedimentation value of around 75 ml is optimum for 
chapatti quality. Sedimentation value is dependent on gluten and the particle size of the flour 
(Prabhasankar et al., 2002). The dough development creates a matrix of gluten and starch 
and the resulting rheology affects chapatti dough sheeting and overall quality, whereas 
sedimentation value only considers gluten strength. The sedimentation value finds the 
gluten strength; however, the rheology of the dough changes with damaged starch content 
and the particle size of the flour for dough. Hence, sedimentation value cannot be a 
standalone test for overall chapatti quality estimation. Among other physico-chemical 
parameters, hardness correlated with water absorption. Water absorption and pliability had 
a good correlation. Hence, hard wheat offers better water absorption, which in turn results 
into a more pliable chapatti. Though the water absorption offers pliability, there was no firm 
correlation between total chapatti score and water absorption in the farinograph. The 
correlation between dough development time with area under curve and resistance to 
extension; the negative correlation between MTI and area under curve; the time needed to 
break the dough with area under curve; the stability of the dough with the area under curve; 
and resistance to dough together indicate that the dough was stronger. But these doughs 
offered poor handfeel, appearance and texture scores to the chapatti. As against, it was also 
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evident from the correlations that weaker dough with higher MTI gave better scores for 
chapatti quality.  
The extensibility of the dough was reduced as the resistance to extension increased. 
Since strong dough reduces chapatti total score, it is not desirable for good chapatti. Hence, 
even though there was no correlation between the total chapatti score and extensibility, 
good chapatti dough is expected to be extensible for proper sheeting of dough. From the 
above observations, it can be said that the extensograph can measure the strength and 
extensibility of the dough. But though needing extensibility, the total score of the chapatti 
depends on optimum taste, appearance and pliability, which are controlled by many factors 
like damaged starch, colour of the flour and the ash content.  The extensograph accounts 
only for the parameters of dough strength and extensibility, whereas the total chapatti quality 
is an aggregate of subjective parameters like taste, texture and appearance, which are not 
dependent on extensograph results. Despite this, the extensograph can prove to be a very 
important objective parameter in selection of wheat genotypes, giving an optimal 
combination of resistance to dough extension and extensibility.  
3.5) Conclusion 
Diverse wheat germplasms were used to find the chapatti quality scores. There were 
many significant results supporting this research into chapatti quality and some showing 
differing results. Chapatti hardness was found to influence the overall chapatti quality by 
increasing its farinographic water absorption and in turn the pliability. The individual 
screening criteria in the tests correlated with different physico-chemical tests, but the total 
chapatti quality score did not correlate with any individual test. This means that chapatti 
quality is a complex trait, which is obtained by many factors acting together and there is no 
single test which can completely indicate overall chapatti quality. The study concluded that 
chapatti quality attributes correlated with the sedimentation test, water absorption and 
rheological parameters of the dough. These attributes are significantly related to gluten 
(quantity and quality) and the starch content, which finally decide the dough quality. The 
extensograph can be used in selection of wheat genotypes based on the dough 
performances in chapatti quality. The data set for the AWCC wheat genotype provided a 
wider range of chapatti quality scores. This chapatti quality data can be ideal in performing 
the transcriptomic analysis to find the differential expression of genes.  
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Chapter 4- Study of differentially expressed genes in good and poor 
chapatti quality 
4.1) Introduction 
 The end quality of wheat is determined by the protein, starch and lipid content of the 
wheat (Beecher et al., 2002; Day et al., 2006) and many other components that are not all 
fully understood. It is very well known that among all the constituents, gluten plays a pivotal 
role in wheat grain quality especially for bread production.  Gluten is composed of a range 
of proteins including glutenins and gliadins, from among which glutenins offer strength and 
elasticity (Anjum et al., 2007; Gupta et al., 1993) whereas the gliadins offer viscosity to the 
dough (Rehman et al., 2007b; Shewry et al., 2000).  Dough strength is determined 
irrespective of the total protein content of the flour (Patel and Chakrabarti-Bell, 2013). The 
relative size distribution of the polymeric proteins in the flour affects the dough strength 
(Gupta et al., 1993). Wheat genotypes vary in native glutenin subunit composition, 
influencing dough quality and determining the suitability of the genotype for any specific end 
product. Of the four classes of wheat proteins, namely albumin, globulin, gliadin and 
glutenins (Osborne 1907), the effect of albumin and globulins on chapatti quality is not 
known.  
Next generation sequencing has become an important technological platform for 
investigating genome-wide transcriptional regulation of metabolic pathways (Cullum et al., 
2011). In wheat, due to polyploidy, sequence assembly and annotation are very challenging 
due to the occurrence of multiple copies of gene sequences (homoeologus or paralogous 
genes) (Margarido and Heckerman 2015; Gardiner et al., 2016). Gene expression analysis 
through seed developmental stages helps us understand the temporal distribution of gene 
expression in the maturing seed (Wan et al., 2008). Three stages of major transitions in 
gene expression have been reported (Evers and Millar 2002). The first major transition is 
within 10 days post anthesis (DPA) where extensive cell division, expansion and 
differentiation occur to make milky endosperm. The second major transition is at 14 DPA, 
where starch and seed storage proteins accumulate within cells to make semi-solid 
endosperm; and the third major transition starts at 30 DPA, where deposition of storage 
reserve decreases, reaching physiological maturity with a brown caryopsis (Rogers and 
Quatrano, 1983). The durations of the above stages may change depending upon 
environmental conditions during seed maturation.  
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The end use quality of wheat is mainly controlled by the balance of the biochemical 
composition of the wheat, including components such as storage proteins, starch and 
phenolic compounds. This may also be determined by other, as yet unknown biomolecules, 
which are formed during the grain maturation. Identification of genes controlling chapatti 
quality requires an understanding of the genome-wide expression of genes and their 
temporal and spatial distributions. Transcriptome analysis was used to identify candidate 
genes in chapatti quality and improve understanding of molecular mechanisms and gene 
expression. In this study, 34 diverse wheat genotypes, grown in India, were used to identify 
candidate genes based on differential expression when genotypes with contrasting poor and 
good chapatti quality were compared. 
4.2) Materials and methods 
4.2.1) Plant materials 
Thirty four diverse wheat germplasms were selected for the study. These samples 
were grown in a glass house and were monitored for anthesis. On the 14 DPA, the spikes 
of the germplasm were removed and put in liquid nitrogen to arrest their developmental 
stage. The embryos of these samples were used for RNA extraction to isolate the entire 
RNA expressed on the fourteenth day.  
 
4.2.1) RNA extraction 
Total RNA was extracted from all the 34 wheat germplasm endosperms, using TRIxol 
reagent (Life Technologies, NY, USA) and purified on to RNeasy Mini columns (Qiagen, 
Hilden, Germany). The extracted RNA was quantified and run on agarose gel (1.5%). The 
RNA samples were later sent for Next generation sequencing (NGS). This sequence was 
sourced from Rangan et al., (2016). 
 
4.2.3) RNA-Seq analysis and experimental design 
The NGS reads obtained after sequencing the RNA samples of 34 wheat 
germplasms were used for transcriptomic analysis. The RNA-Seq analysis was performed 
as per the manual provided by CLC Genomics Workbench. Experimental design was set up 
to differentiate among the contradicting chapatti qualities so as to analyse the differential 
expression of the genes. The experiment was set for poor quality chapatti versus good 
chapatti quality as an unpaired, two group comparison. The experiment was run to get 
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differential expression expressed as fold change. Maximum fold change was found 
statistically using ANOVA. Empirical Analysis of Differential Gene Expression (EDGE) gave 
volcano plots to show significantly differentially expressed genes. Statistically significant 
differentially expressed genes (FDR p-values <0.01) were taken for analysis. EDGE tests 
and proportion tests were performed as statistical tests. TAGI sequences were used as 
reference sequences. TAGI sequences are consensus cDNA sequences and are accessible 
from DFCI (http://compbio.dfci.harvard.edu/tgi/plant.html). Functional annotation was done 
using the BLAST to GO plugin installed in the CLC Genomic Work Bench.  
 
4.3) Results  
4.3.1) Functional annotation 
The current experiment comprised recognition of genes responsible for good or poor 
chapatti quality whose RNA seq analysis revealed 383 genes based on their FDR-p values 
through EDGE testing and 127 genes based on the proportion test. GO analysis of Genes 
in the EDGE test revealed 231 annotated genes while 152 were unannotated; and of the 
127 genes found from the proportion test, 23 were unannotated. The functional annotation 
revealed sequences for starch binding enzymes, High Molecular Weight Glutenin Subunit 
(HMW-GS), Low Molecular weight Glutenin Subunit, γ- Prolamin, α- Tubulin, α- gliadin and 
partial sequences of low molecular weight Glutenin subunits and a few other unannotated 
sequences. The maximum differentially expressed genes belonged to the binding category 
(96 genes) of which 20 showed up-regulation of genes while 76 showed down-regulation 
(Fig. 1). 69 genes were responsible for catalytic activity, followed by 33 genes showing 
structural molecular activity. There were 15 genes for transporter activity, closely followed 
by molecular function regulator genes (13). The analysis also revealed 3 genes for nucleic 
acid binding transcription factor activity and 2 genes for molecular transducer activity. The 
differentially expressed genes were represented in a volcano plot for visualization of the 
highly significantly upregulated and downregulated transcripts in good chapatti quality. All 
of the sequences were used to get a volcano plot so as to clearly illustrate the highly 
significant differentially expressed genes (Figure 7). 
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Figure 7- Volcano plot for differentially expressed genes in poor vs good chapatti 
quality showing significantly differentially expressed genes.  
 
4.3.2) Differentially expressed upregulated genes in good chapatti as compared to 
poor chapatti quality 
Gama Prolamin was highly upregulated in good chapatti (TAGI: TC396033 with 
4088.53 folds and TC399066 with 499.69 folds upregulation), followed by dimeric α-amylase 
inhibitor (TAGI: TC423553 with 324.69 folds and TAGI: TC404154 with 219.13 folds 
upregulation). Hypothetical protein F775_25878 (TAGI: BE430344 with 192.77 folds 
upregulation) and hypothetical protein F775_09166 (TAGI: CJ794974 with 95.68 folds 
upregulation), was also upregulated in good chapatti quality.  α- gliadin (TAGI: TC440184 
with 116.23 folds upregulation) was also found to be better for chapatti quality. From among 
the top 10 upregulated sequences for good chapatti quality, TAGI: TC421618, TAGI: 
TC377776 and TAGI: TC404502 were unannotated (Table 11). 
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Table 11- Top 10 differentially expressed sequences showing upregulation in good 
chapatti quality as compared to poor chapatti quality. 
Feature ID fold change Annotations - Database object name 
TC396033 4088.53 γ- prolamin 
TC399066 499.69 γ- prolamin 
TC423553 324.69 dimeric α- amylase inhibitor 
TC404154 219.13 dimeric α- amylase inhibitor 
BE430344 192.77 hypothetical protein F775_25878 
TC421618 150.77  - 
TC377776 127.93  - 
TC440184 116.23 α- gliadin 
TC404502 114.38  - 
CJ794974 95.68 hypothetical protein F775_09166 
 
 
4.3.3) Differentially expressed down regulated genes in good chapatti as compared 
to poor chapatti quality 
Table 12 shows the top 10 differentially expressed down-regulated genes in good 
chapatti as compared to poor chapatti quality. From among the top ten down-regulated 
sequences, TAGI: TC420043 had the highest down regulation (-997.55 folds) but was an 
unannotated sequence. Similarly, TAGI: TC452035, TAGI: CA634140 and TAGI: TC435362 
were unannotated. The luminal-binding protein 5-like (TAGI: BE424594) was from amongst 
the annotated sequence with highest down regulation (-299.21 folds). The lmw- partial 
sequence (TAGI: TC417258, with -292.03 folds down regulation was also revealed during 
functional annotation.  Other sequences were trypsin inhibitor TAGI: TC400069, cytochrome 
p450 like_tbp (TAGI: TC400069), 40s ribosomal protein s28 (TAGI: TC413719) and 
puroindoline-like protein (TAGI: TC404746).  
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Table 12- Top 10 differentially expressed sequences showing down regulation in 
good chapatti quality as compared to poor chapatti quality. 
Feature ID fold change 
Annotations - Database object 
name 
TC420043 -997.55 -  
BE424594 -299.21 luminal-binding protein 5-like 
TC417258 -292.03 lmw- partial 
TC452035 -195.75 -  
CA634140 -179.13 - 
TC435362 -157.80 - 
TC400069 -150.09 trypsin inhibitor 
BE515349 -126.43 cytochrome p450 like_tbp 
TC413719 -126.18 40s ribosomal protein s28 
TC404746 -124.81 puroindoline-like protein 
 
4.3.4) Comparison of genes identified from EDGE test and Proportion test 
The EDGE test and proportion test shared 36 common genes. Of those genes, 10 
were unannotated while 26 were annotated. Among those, the highly positively regulated 
gene in good chapatti was Serine protease Do- like HtrA gene (TAGI: CA608524 with 
17.12 fold change upregulation). The highest downregulated gene with -12.08 fold change 
was densin (TAGI: CA676075).  
4.3.5) Other differentially expressed sequences 
From the shortlisted 383 genes, there were many other proteins of different 
sequences which were grouped together as different functional categories of genes, and 
tabulated in Table 13 for checking the sequence homology. A total of 10 sequences of α- 
gliadin, three sequences of γ- Prolamin, a single sequence of HMW-GS, and LMW, two 
sequences of LMW partial sequences and starch binding enzymes were found.  
The GO (Gene ontology) analysis revealed binding proteins as the highest group of 
proteins (96 %), followed by genes with catalytic activity (69%). The genes with structural 
and molecular activity were 33% and those with transporter activity were 15 %. Figure 8 
reveals the distribution of the percentage of differentially expressed genes that were found 
in the good vs poor chapatti quality experiment. 
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Table 13- Differentially expressed functional categories of genes regulating chapatti 
quality 
α- gliadin γ- prolamin HMW GS LMW partial LMW 
TC438500 TC383366 TC446934 TC417258 TC407330 
TC451864 TC399066  TC439947  
TC459338 TC396033    
CK215768     
TC401948     
TC441125     
TC461107     
BQ247253     
TC440184     
TC450300     
 
 
 
Figure 8- Pie chart showing the distribution of genes from the selected differentially 
expressed genes identified from GO analysis of genes for good and poor 
chapatti quality. 
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4.3.6) Characterization of genes regulating chapatti quality 
I)  γ - prolamin 
The sequence TAGI: TC396033 (fold change of 4088.53) was the most upregulating 
sequence. The nucleotide BLAST (against nucleotide collection in NCBI BLAST) of TAGI: 
TC396033 revealed a 1106 bp sequence with 153 BLAST hits on the query sequence and 
had a greater homology with γ- gliadin and was located on chromosome 1AS. TAGI: 
TC399066 (fold change of 499.69) with a query length of 747 had 104 BLAST hits also had 
homology with γ- gliadins. TAGI: TC383366 with fold change -22.97 was down regulating 
the chapatti quality. Its nucleotide BLAST (query length of 724) had 104 BLAST hits on query 
sequence and also had a greater homology with γ- gliadins. The nucleotide BLAST revealed 
all the sequences to have homology with γ- gliadins. The Megablast analysis of the 
upregulated sequences showed 56% coverage area and 95% similarity in the sequences.  
Similar analysis revealed the sequences TC396033 and TC383366 showing 95% identical 
sequences and 56 % query coverage. TC383366 and TC396033 showed 97% coverage 
and 95% sequence similarity. The result reveals the association of γ gliadins with chapatti 
quality.  
II) α- Gliadin 
The gene TAGI: TC438500 was the only gene with down regulation of α- gliadin. The 
nucleotide BLAST (query length 924) had 101 BLAST hits on the query sequence and a 
higher homology with the α- gliadin gene in Lophophytum elongatum L. (Wheat grass). 
TAGI: TC451864 had 199 BLAST hits with a greater homology with the α- gliadin (gli-2) 
gene. TAGI: TC441125 and TAGI: TC461107 also showed homology with the Gli-2 gene. 
Multiple sequence alignment of these two genes reveals 90% sequence similarity, with 3% 
gaps in the sequences.   
III) HMW-GS 
The High Molecular Weight Glutenin Subunit expressed as gene TAGI: TC446934 
was upregulated in good chapatti. The BLAST analysis revealed the sequence to be gene 
Glu-D1-2b encoding the glutenin subunit Glu Dy-10. The sequence had 200 BLAST hits with 
query length of 1993.  
IV) LMW-GS and LMW Partial 
The gene TAGI: TC407330 was found to have a down regulation in good chapatti 
quality. The BLAST analysis of the sequence gave a homology GluA3 gene with 105 BLAST 
hits. Similarly, the partial sequence TAGI: TC417258 too had a homology with GluA3 gene. 
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The Gene TAGI: TC439947 had higher similarity with LM-GS Glu-3 gene with 115 BLAST 
hits.  
V) Wheat bread making gene 
The gene TAGI: TC420043 revealed 53 hits in BLAST and is found on the 
chromosome 7BL. This gene has been reported to be good for bread making. High level 
expression of this gene gives good bread quality, whereas lower expression gives lower 
bread quality (Furtado et al., 2015). The mature protein consists of 48 amino acids and has 
4 cystein residues. This gene is highly differentially expressed and is tissue specific in wheat 
genotypes.  
4.4) Discussion 
In wheat, the group of monomeric and polymeric prolamin are called gliadins and 
glutenins respectively (Shewry et al., 1986). The monomeric gliadins are α- type gliadins 
and γ- type gliadins, which are sulphur rich prolamin and ω- gliadins which are sulphur poor 
prolamin; while the polymeric prolamin are HMW and LMW subunits (Shewry et al., 1986). 
The ancestral prolamin gene gave rise to the High Molecular weight glutenins which 
constitute group III prolamin (Zhang et al., 2013). During evolution, prolamin genes were 
copied and inserted in tandem or dispersed to different chromosomal locations, leading to 
further amplification (Payne 1987). The Gli 1 genes code for the ω- and γ-gliadins and the 
Gli 2 genes code for α- and γ- gliadins (Mondal et al., 2009). The α- gliadin forms a multi-
gene protein family, encoded by the Gli-2 gene, at loci Gli-A2, Gli-B2 and Gli-D2 on 
homoeologus chromosomes 1 and 6 respectively (Mondal et al., 2009; Salentijn et al., 
2009). The results revealed γ- gliadins to be upregulating in the good chapatti quality. The 
γ- gliadins are rod-like proteins (Barak et al., 2015), with ω- and γ- gliadins tightly clustered 
in a single major locus on each short arm of group 1 chromosomes (Payne 1987). Barak et 
al., (2015) mentioned chapatti have a lower amount of γ- gliadin for better chapatti quality. 
Mondal et al., (2009) also found the deletion of the Glu-2 gene plays a major role in dough 
extensibility (Payne 1987). The gliadins were found to be responsible for extensibility of the 
wheat dough (Paterson and Piggott 2006). Chapatti dough is also expected to have certain 
optimum extensibility without forming a loose dough. The chapatti dough is rolled with a 
rolling pin and is sheeted. The dough sheeting is expected to be easy and without resistance 
and to sheet more with the extension of the dough. The gliadin alleles may thus be the 
selection criteria for the wheat breeders. There is little substantial evidence to indicate what 
quantity of gliadin or HMW-GS is optimum for chapatti quality. Barak et al., (2015) found the 
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glutenin/ gliadin ratio to affect the dough rheology and bread quality. Briefly, all the 
monomeric gliadins and the LMW GS play their specific role in rendering extensibility to the 
dough (Shewry et al., 1986; Zhang et al., 2012). Hence it is important to find the quantitative 
relationship of these molecules with the flour or total protein content.  
The HMW-GS is widely under research and it is a very important molecule with 
regards to chapatti or bread quality. The present study found an upregulation of HMW-GS 
Dy10. The Subunit Glu 1 Dy 10 was found to have a higher Glu 1 score in bread making 
(Payne et al., 1987). The function of HMW GS is to provide elasticity to the dough, which is 
very well suited to good bread quality. Chapatti making requires the dough to be minimally 
elastic. The HMW GS are the proteins giving the rheological characteristic to the dough. 
They determine the dough behaviour during processing for any end product. The subunit 
Dy 10 is reported to be found in chapattis of medium quality, good quality and excellent 
quality (Srivastava et al., 2003). The present study confirms the expression of this gene in 
the chapatti quality regulation and hence is a putative candidate gene. The protein content 
and glutenin/ gliadin ratio together do not fully determine the dough quality and there are 
other factors like the HMW-GS to LMW-GS ratio, LMW-GS composition and other proteins 
that determine the functional properties (Uthayakumaran and Lukow 2005).  
The wheat bread making gene had the highest downregulation in good chapatti 
making. On the other hand, the same gene was found to be highly differentially expressed 
in good bread making wheats. Chapter 2 revealed a negative correlation between bread and 
chapatti making. The highly differential gene expression in good and poor chapatti quality is 
evidence that chapatti and bread making do not correlate. This bread-making wheat gene 
encodes a small peptide of molecular weight ca 5000 which is comprised of 48 amino acid 
residues. It contains glycine 10.4%, prolamine and glutamine 9.3%. The amino acid 
composition of the bread making wheat gene is not similar to the prolamin groups of storage 
proteins (Furtado et al., 2015). 
 
4.5) Conclusion 
Transcriptomic data can be used to find our differential expression of genes in wheat 
and help us identify putative genes. The phenotypic data is a primary source in the study 
and needs a better range of scores to help differentiate between the varieties under study. 
Chapatti making is a complex process, which is obtained by several parameters interacting 
to form a better end product. The wheat dough is expected to be sufficiently extensible, soft, 
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non-elastic and have a better sheeting property without contraction. The dough is expected 
to be weaker as compared to that for bread because of the fact that most of the gliadins and 
LMW GS are expected to be expressed in the wheat. HMW-GS, LMW GS, γ- prolamin and 
α- gliadins are the candidate genes for chapatti quality.   
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Chapter 5- General Discussion 
 
Following the green revolution in India, after introduction of the dwarfing genes Rht-
B1 and Rht-D1, Indian wheat breeding was mainly focused on the production of semi-dwarf, 
disease resistant and high yielding varieties through hybridization and crosses with exotic 
wheat varieties. Improved work on systematic wheat breeding started during the first decade 
of the 20th century from selection procedures to produce the varieties Pusa 4, Pusa 6 and 
Pusa 12. The variety Pusa 4 was widely accepted in India and grown extensively in Australia 
(New South Wales, Queensland and Western Australia) (Pal, 1966). The ever increasing 
population in India and the need for higher production of wheat to feed the population has 
led to a concentration of focus on breeding wheat for further improvement of yield, disease 
resistance and selection for adaptability to different agro-climatic conditions. But during this 
process, little attention has been given to breeding wheat for good chapatti quality. There 
have been some limited advances in the study of chapatti quality, but these have been 
limited compared to those devoted to bread quality research, due to the lower consumption 
of chapatti around the globe compared to bread. Despite many advances in wheat breeding, 
there are several questions that need to be answered, as wheats for bread and chapatti 
differ from each other: What are the quality requirements for chapatti quality? And, how does 
good chapatti quality wheat perform in relation to bread quality? Essentially, does wheat 
bread for chapatti suit bread making? There is a need to determine whether chapatti 
qualities are genetically controlled and to identify the genes responsible for good chapatti 
quality. There is a greater need to understand the wheat requirements for chapatti quality to 
better breed for consumer satisfaction. We lack the understanding of the genetic factors that 
regulate chapatti quality. A review of the research regarding chapatti quality raised these 
questions, primarily based upon chapatti phenotypic quality screening itself: Do we have 
standard and robust chapatti screening methods? Are there any other modern mechanized 
methods that can be incorporated in chapatti screening in wheat breeding? Can the chapatti 
phenotypic quality screening be done objectively, even without the experience of subjective 
assessment of chapatti quality? There are many advances in texture analysis which could 
be exploited to assess chapatti quality. This may add to the objectivity of the scoring and 
render screening assessable without an expert chapatti tester. Chapatti quality should no 
more remain an art, but be also proven a science to be harnessed in breeding. Milling and 
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other phenotypic characters of chapatti may be genetically controlled and provide an area 
of research for identifying the genes responsible for chapatti quality.  
The current study had many questions regarding the understanding of chapatti 
quality, phenotypic screening and its genetic association, correlation of chapatti and bread 
quality, whether there are any genes already identified for chapatti quality and whether it 
would be possible to improve chapatti quality further. Attempting to answer these questions 
by review of published research reveals that no substantial data is available regarding 
chapatti quality. The study of chapatti quality has been reported since around 1976, but a 
standard chapatti quality test was only developed and recorded by Haridas Rao (1986). This 
is the only standard chapatti testing method available.  
Chapatti quality is a complex character and is judged on a 100-point scale from the 
following attributes; texture (25), taste (25), appearance (20), puffing score (10), pliability 
(10) and handfeel (10). The puffing score and pliability of chapatti can be mechanically 
measured. The attributes of chapatti quality are very complex and strongly affect market 
acceptance. The bubble formation during baking gives a specific appearance and texture to 
chapatti, where even bubbling and a creamish white colour is most desirable. The chapatti 
taste, appearance, handfeel and texture are very complex and need to be manually 
assessed. Owing to the complexity of the attributes of chapatti quality, it becomes difficult 
to breed wheat for these multiple quality traits simultaneously. Hence there has been a very 
little advancement in the development of wheat from this perspective.  
It becomes difficult for the breeder to assess chapatti quality by phenotypic screening 
due to the lack of expert chapatti testers, availability of chapatti quality screening instruments 
and most importantly, the availability of sufficient seeds for phenotypic screening. This study 
aimed to find the influence of physico-chemical traits on chapatti quality.  
The chapatti quality score is determined right from the milling of wheat, where the 
disc mill renders flour for better chapatti quality. The stone disc mill creates flour with 
different particle sizes along with higher amounts of damaged starch, which affects the 
pliability, water absorption and overall chapatti score as was found in Chapter 2 and Chapter 
3. The Tecator cyclotec mill with 0.8 mm sieve suits lab-scale chapatti flour making, where 
several samples need to be screened for chapatti performance with milling parameters kept 
constant. But the gist of milling is providing a higher amount of damaged starch that can be 
obtained optimally only in a stone disc mill. However, a stone disc mill cannot offer replicated 
milling as the clearance between the discs cannot be controlled. Hence, for lab scale milling, 
the Tecator cyclotec mill was suitable to obtain replicated milling. The milling was affected 
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by the hardness of the wheat and it was found and concluded from the current research that 
hardness in bread wheat positively affects the pliability and overall chapatti quality. The 
current study found that the chapatti quality overall correlated with the finest particle size in 
a mixture of wheat flour of varying particle sizes. Milling renders a mixture of damaged 
starch, bran and gluten which forms a cohesive mass of dough with water.  
The dough rheological parameters are genetically controlled, and testing the dough 
with a farinograph and extensograph revealed that dough strength negatively affected the 
chapatti quality, whereas weaker dough gave soft and pliable chapatti. Dough with a higher 
protein content and dough strength were observed to give a contracting/elastic character to 
the dough sheet on rolling. This finding is supported by the fact that protein content was 
found to negatively affect the overall chapatti quality in Chapter 2. Since gluten is composed 
of glutenin and gliadin, it is not only the content of gluten, but the composition of the proteins 
that decides the final quality of the dough and chapatti. The quality of the grain is determined 
by the quality and quantity of starch and the storage proteins which constitute the gluten of 
wheat. Gluten is the most intricate, naturally occurring protein complex. The minerals, lipids 
and proteins play a significant role not only in shaping the product, but also in determining 
the visco-elastic strength that determines the quality of end products. Similar quantities of 
glutenin and gliadin and residual proteins have been associated with genotypes with good 
chapatti quality (Ram and Nigam, 1982). We found around 9-12 % protein in good quality 
chapattis (from results of Chapter 2 and 3). As the gluten strength decreased, the bread 
quality decreased too.  
This study revealed a negative correlation between chapatti and bread quality. The 
bread needs extensible and strong gluten for increasing the loaf volume. But strong dough 
makes the chapatti leathery and hampers the texture and appearance. Moreover, the 
comparatively higher amount of damaged starch, water absorption and lower protein content 
needed for chapatti are all parameters that are undesirable for good bread quality. The SDS- 
PAGE analysis identified the HMW-GS of the dough. This study concludes that there is a 
need to quantify the amount of HMW-GS to determine its effect in chapatti quality. The 
resultant glutenin to gliadin ratio is a determinant of chapatti extensibility and overall quality. 
The extensibility of the baked chapatti has previously been determined with a uniaxial 
extension probe of a texture analyser, but not with a Kieffer dough extensibility rig. The 
texture analysis with a Kieffer dough extensibility rig was shown to be best suited for chapatti 
quality analysis and was correlated with the hand feel, eating quality, pliability, taste and 
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overall chapatti score. Therefore, this tool can be used to increase objectivity in scoring 
chapatti quality.  
The 34 genotypes studied were a collection of diverse wheat genes. This was proven 
by the fact that they provided a wide range of overall chapatti quality. The 14 DPA transcript 
data provided information on all the sequences expressed in the wheat. The comparison 
between poor and good chapatti quality genotypes identified the differentially expressed 
sequences that were candidate genes controlling chapatti quality. The study confirmed the 
role of prolamin in chapatti quality regulation. The prolamin consist of glutenins and gliadins. 
Expression of specific glutenin or gliadin alleles quantitatively offers a specific dough 
rheology. In the current findings, the subunit HMW-GS Dy10 was found to be upregulated 
in good chapatti quality. This subunit Dx5 + Dy10 was found to be the best subunit for bread 
quality and offers dough strength and has the highest Glu-1 score. This provides a good 
opportunity for the breeders to select for this gene, as it is desirable in both chapatti and 
bread. Additionally, it was found that α- gliadins and LMW-GS were associated with good 
chapatti quality due to their characteristic of providing extensibility to the dough. These traits 
are very undesirable in bread quality as they reduce the dough strength and loaf volume. It 
is noteworthy that though these sequences may offer a way to achieve genetic selection for 
better chapatti quality, quantitative analysis needs to be performed to find how the individual 
alleles affect the chapatti dough. Hence there needs to be glutenin to gliadin ratio analysis 
to ascertain its role in chapatti quality. The study has revealed that wheat has a common 
allele HMW-GS Dy10 that needs to be bred for good chapatti or bread quality. There are, 
however, differences in gliadin requirements that generate differences in the dough quality 
and it is a real challenge to breed wheat for both bread and chapatti production. Another 
important, yet rarely discussed issue is the 1BL-1RS rye translocation in wheat. The 1RS 
chromosome arm of Secale cereal L. is an important source for agronomic and resistance 
improvement in wheat worldwide. It provides resistance to leaf rust, stripe rust, stem rust 
and powdery mildew and enhanced grain yield, grain size and root biomass (Bullrich et al., 
1998). However, the Sec-1 locus coding for ω- secalin gives deleterious effects to the wheat 
quality by reducing the dough strength and increasing the stickiness in the dough (Li et al., 
2016). The 1BL-1RS rye translocation removes the short arm of the Group One 
chromosome coding for LMW-GS, replacing it with the 1R segment from rye. Thus the total 
gluten content in wheat is reduced (Graybosch, 2001). Indian wheat was bred mainly for 
yield and agronomic character improvement. Hence it carries the 1BL-1RS rye translocation 
(Kumar et al., 2003). This is a key reason for differences in the quality of the wheat for bread 
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and chapatti making. The transcript sequence analysis also revealed a gene TAGI: 
TC420043, which was highly upregulated in good bread quality and referred to as the wheat 
bread making gene (wbm); it is located on chromosome 7L (Furtado et al. 2015). It is a mature 
sulphur rich protein of 48 amino acids with a low frequency in the wheat gene pool, 
increasing the loaf volume, probably due to the cross linking of protein in the gluten. This 
gene was highly differentially expressed in cvs EGA Gregory Sunco, Batavia, and Bobwhite 
Banks, but not in cv Kite. The genotypes with upregulation of the wbm gene did not show 
good chapatti quality performance. Noteworthy was cv Kite that had the best chapatti quality, 
but was poor in bread making. The study has provided strong genetic evidence that the 
genotypes with better bread quality do not offer good chapatti quality.  
The present research identifies candidate genes for chapatti quality. This is a very 
important breakthrough from the breeding perspective, allowing quality based selection 
along with breeding for other agronomic traits. Further understanding of the molecular basis 
of differences in bread and chapatti making quality may allow development of genotypes 
having acceptable end-use properties for both products. Therefore, future efforts should 
focus on validation of the genes and design of primers for selection of wheat having better 
chapatti quality. The current findings can be used for initiating the idea of marker assisted 
breeding of wheat for chapatti quality. However, owing to conflicting quality requirement 
constraints, it will be difficult to breed wheat that simultaneously suffices the quality 
requirements for chapatti as well as bread. However, Indian wheat genotypes have been 
developed for multiple disease resistances and also share a common allele Dx5 + Dy10 that 
are expressed in good bread as well as quality chapatti. Concentrating on the breeding of 
common alleles for both bread and chapatti quality can help in the trade of wheat across the 
world. 
 Chapatti fragrance is a unique quality that has yet to be studied and present research 
has now been initiated towards the development of a mutant population for BADH2 mutant 
screening. It is already known that the BADH2 mutation in fragrant rice causes a truncated 
gene product and hence causes higher accumulation of 2 acetyl pyrroline. This is the actual 
compound that imparts fragrance to the rice. The present study successfully mutated a var. 
Gold 21 (from Green Gold Seeds) and created a 1000 M1 population mutant for screening 
the BADH 2 gene. Being a hexaploid plant with a high redundancy, the real challenge will 
be to identify the individual BADH 2 mutant lines. Sequencing 1000 mutant lines would be 
costly and labour intensive. Pooling of the mutant wheat samples into a bulk of 14-15 
samples would be a better strategy to identify a putative mutant. Hence, a labour and cost 
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effective PCR based screening method was designed. The primers were designed for A, B 
and D sub-genome specific BADH 2 sequence. Primers were designed to get amplicons of 
varying sequences, to make it easier to identify the mutation in the sub-genomes. The 
screening of the mutants would probably identify the parental lines for crosses to generate 
a variety with a knockout of all the BADH 2 genes. The efficacy of the screening strategy 
has yet to be tested.  
There are large differences in the agronomic characters of the Indian and western 
wheats, with differences in the flowering times as well as biochemical composition conferring 
different end product quality. Fragrance is a desirable trait in both chapatti and bread quality 
and could be a very important commercial trait for bread and chapatti wheat.  With a better 
understanding of the molecular basis of differences in chapatti and bread quality, Indian 
wheat breeding can concentrate on molecular assisted breeding. Designing primers for 
chapatti quality could provide a quantum leap for Indian wheat breeding and speed up the 
selection procedure. It is now known more clearly how chapatti quality is genetically 
controlled and the present research provides horizons for breeding wheat with better 
chapatti quality.  
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Appendix 
 
Appendix 1- Comparison of variables used during chapatti making in chapatti test baking methods 
 Flour 
used 
Determination 
of Water 
required 
mixing dough 
resting 
size of 
roll 
rolling of the 
dough 
dough colour sheet 
thickness 
material 
for 
baking 
Temperature Time of 
baking 
A whole 
wheat 
farinographic 
value 
hand mixing 30 min 
at RT 
(85 gm 
dough) 
17.5 cm 
diameter 
with 
rolling pin 
once from one 
side, then 
inverted and 
perpendicularly 
xxx xxx cast iron 
griddle 
Preheated to 
245 °C 
inverted after 
30 sec. 
every time 
total 90 sec 
time 
B 85% 
extracted 
farinographic 
value for 500BU 
Grain 
Research 
Laboratory 
mixer at 
135 rpm 
and 25°C 
15 min 15cm 
diameter 
once from one 
side, then 
inverted and 
perpendicularly 
Raw and cooked 
chapatti colour was 
measured with a 
Labscan II 
spectrocolourimeter 
(Hunter-Lab, Reston, 
VA) using the CIE 
1976 L*, a*, b’ colour 
scale with a D65 
illuminant. 
1mm griddle preheated 
225°C griddle 
and oven set 
at 275 °C 
40 sec. from 
one side, 70 
sec from 
side 2 then 
immidiately 
transferred 
to oven at 
275°C 20 
sec. 
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C whole 
wheat 
farinographic 
value for 600BU 
xxx xxx xxx xxx xxx 2.5mm griddle 175°C 75 sec from 
one side, 
rotated 
twice, then 
on other side 
untill puffed 
D xxx farinographic 
value for 450-
500BU 
xxx xxx xxx xxx xxx xxx hot plate xxx xxx 
E whole 
wheat 
farinographic 
value of 400 BU 
lab mixer 58 
rev/min 
xxx 15 cm 
diameter 
xxx xxx 2mm hot plate 220+- 5 °C xxx 
F whole 
wheat 
62 ml water hand 
kneading 
10 min 15 cm 
diameter 
xxx xxx approx. 
2mm 
griddle not mentioned 30 sec from 
one side and 
45 sec from 
other. Then 
on full flame 
for 10 sec. 
both sides. 
G whole 
wheat 
by farinograph 
and Henry 
simmons water 
absorption meter 
450-500 BU 
3 min in 
hobart 
mixer model 
N-50 at 
position 1 
and 58 rpm 
xxx 15 cm 
diameter 
xxx xxx 2 mm hot plate 
and  
tandoor 
205-232 °C 30 sec from 
one side and 
90 sec from 
other, then 
15 sec in 
tandoor 
(oven) 
A= (Rehman et al., 2007a), B= (Dhaliwal et al., 1996) C= (Ram and Nigam, 1982) D= (Safdar et al., 2009) E= (Srivastava et al., 2002) F= (Shaikh et al., 2007) G= 
(Haridas Rao et al., 1986), xxx= not mentioned. 
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Appendix 2- Correlation analysis showing significant correlations between traits (based on GGS wheat collection) 
 HW TKW GH AC PFF PLI AS HF EQ TC OSC 
GH  0.95**          
AC  -0.95** -0.92**         
PFF  0.89** 0.89** -0.90**        
PLI 0.84**  0.73*         
AS  0.79* 0.68* -0.67*        
HF       0.92**     
EQ  0.84** 0.83** -0.83**        
TC  0.87** 0.91** -0.90** 0.78*    0.96**   
OSC  0.91** 0.92** -0.86** 0.74*  0.83** 0.81** 0.93** 0.93**  
EX 0.86** 0.73* 0.87** -0.74* 0.72* 0.91**  0.72* 0.68* 0.80* 0.84** 
UEX  0.73* 0.76*        0.67* 
PC       -0.80** -0.82**   -0.68* 
**= Correlation is significant at the 0.01 level (2-tailed), *= Correlation is significant at the 0.05 level (2-tailed). 
HW=   Hectoliter weight, TKW= Thousand kernel weight, GH= grain hardness, AC= ash content, PFF= pan fraction of flour, PLI= pliability score of chapatti, AS= 
appearance score of chapatti, HF= hand feel score of chapatti, EQ= eating quality of chapatti, TC= taste of chapatti, OSC= overall score of chapatti, EX= Kieffer dough 
rig extensibility extension of chapatti strip, UEX= Uniaxial extension, PC= protein content.   
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Appendix 3- Physico-chemical tests of wheat flour and seeds 
Genotype 
Moisture Of 
Seed* (%) 
Hardness Of 
Seed (N) 
Ash 
Content* 
(%) 
Hectoliter 
Weight*  (kg/hL) 
Sedimentation 
Test(ml) 
Protein Content 
By NIR (%) 
Gabo 5.3 a 131.01 2.4 a 73.01 32 12.40 
Lerma Rojo 6.7b 69.54 1.6 b 77.74 a 27 10.72 
Punjab 7 5.5 c 96.40 1.3 c 81.05 29 12.58 
Beyrouth 3 6.1 d 78.50 1.5 d 73.26 35 12.90 
D.E.S. 367 6.2 70.16 1.8 e 77.69 30 10.46 
Greece 25 5.4 e 70.55 2.2 f 77.74 a 32 11.75 
India 37 5.5 c 100.15 2.0 81.72 b 33 12.26 
India 259 5.9 f 73.80 1.4 g 80.43 31 10.93 
Pelada 6.1 d 91.80 2.5 68.56 25 13.64 
Giza 139 6.8 44.46 1.3 c 78.4 29 10.22 
Tunis 24 6.1 d 34.71 2.1 h 78.34 26 13.34 
Huandoy 7.0 66.01 2.4 a 77.01 31 10.52 
NW25A 5.4 e 59.31 1.4 g 76.81 36 12.18 
NW51A 6.9 g 35.37 1.3 c 77.03 23 11.63 
NW93A 5.6 h 21.88 2.1 h 77.12 c 35 12.61 
NW108A 6.7 b 75.32 1.9 79.83 d 31 11.25 
India 211 6.3 75.16 2.2 f 78.71 33 13.53 
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KITE 5.8 i 91.91 1.4 g 74.35 39 12.62 
JING HONG NO. 1 5.4 e 104.00 1.6 b 77.12 c 25 11.49 
Triticum asetivum SSP 
Spaerococcum 
4.9 j 77.37 2.6 
79.92 
32 12.34 
AMURSKAJA 75 5.4 e 56.12 2.9 65.03 41 14.57 
Banks 4.8 k 90.80 1.2 i 79.40 42 11.47 
SUNCO 5.3a 100.33 2.3 j 80.81 41 11.25 
DOLLARBIRD 6.1 d 117.00 1.6 b 79.83 d 54 11.84 
MARTONVASARI 13 T 6.6 88.76 1.1 79.38 e 38 10.25 
SATURNO 6.9 g 106.9 1.3 c 79.38 e 40 10.49 
Batavia 4.8 k 90.55 1.4 g 76.88 37 12.85 
Arnhem 5.9 f 23.61 1.8 e 80.74 45 10.67 
Iraq 46 6.1 d 83.93 1.6 b 80.66 36 12.36 
Bob White S-26 5.2 l 144.88 1.3 c 82.61 37 12.14 
BOWERBIRD 6.0 i 111.45 1.6 b 79.34 43 11.72 
ELLISON 4.6 89.12 1.8 e 76.65 39 13.73 
Qalbis 5.8 i 82.76 1.8 e 73.03 30 11.55 
EGA Gregory 5.1 111.95 1.4 g 81.72 b 39 11.83 
Attrack 5.2 l 82.83 1.5 d 79.13 41 11.57 
Bhanudas 4.9 j 106.77 2.2 f 81.29 42 10.33 
Gold 21 5.4 e 91.77 1.8 e 79.63 34 10.48 
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Gold 23 5.6 h 57.07 1.2 i 78.56 46 10.27 
Vijay 5.7 116.50 2.3 j 80.16 40 10.43 
Gregory 5.4e 105.79 1.5 d 80.95 40 11.21 
Madhukar 5.6 h 119.70 1.4 g 78.66 42 9.99 
Tajan 4.8 k 87.58 1.7 80.06 47 10.85 
Trimbak 6.0 i 104.24 1.3 c 79.90 32 10.75 
Control 5.8 i 99.78 1.4 g 81.39 34 10.66 
*= mean of duplicate readings. 
Any mean followed by common alphabet have similar mean, rest of the means are significantly different at 0.05 level of significance. 
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Appendix 4- Farinographic analyis of flour to obtain the absorption, development time, stability, mixing tolerance index, time to 
break down the dough and farinograph quality number 
Genotype 
Water 
absorption 
(14 %) 
Development 
time (min) 
Stability 
(min) 
MTI 
(BU) 
Time to 
breakdown 
(min) 
Farinograph 
quality number 
Gabo 87.7 4.8 2.1 101 5.7 57 
Lerma Rojo 64.2 4.7 4.3 30 9.8 98 
Punjab 7 74.9 4.5 3.4 62 6.9 69 
Beyrouth 3 65.2 4.8 3.2 67 6.9 69 
D.E.S. 367 66.8 3.2 1.4 94 4.0 40 
Greece 25 71.9 9.0 8.6 29 14.1 141 
India 37 82.9 3.9 1.5 108 4.7 47 
India 259 69.0 3.9 2.5 64 5.5 55 
Pelada 68.6 3.5 2.5 90 5.2 52 
Giza 139 63.8 4.0 2.9 44 6.4 64 
Tunis 24 65.0 3.2 1.8 85 4.3 43 
Huandoy 70.4 4.0 5.1 35 8.6 86 
NW25A 74.4 5.5 5.1 46 8.8 88 
NW51A 70.5 5.0 3.0 44 7.3 73 
NW93A 75.2 5.5 3.2 41 8.7 87 
NW108A 74.6 6.5 6.6 34 11.1 111 
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India 211 70.0 6.0 4.9 34 10.5 105 
KITE 83.1 5.0 2.0 130 5.8 58 
JING HONG NO. 1 65.9 4.2 2.8 6 6.2 62 
Triticum asetivum SSP Spaerococcum 81.6 7.0 4.5 65 9.3 93 
AMURSKAJA 75 72.6 5.5 5.6 30 11.1 111 
Banks 78.1 10 12.6 15 20.0 200 
SUNCO 79.6 11.4 13.7 5 20.0 200 
DOLLARBIRD 78.8 9.2 15.6 9 12.8 128 
MARTONVASARI 13 T 73.1 7.5 6.9 41 11.6 116 
SATURNO 67.4 5.8 3.3 41 8.8 88 
Batavia 79.6 12.2 8.7 33 15.9 159 
Arnhem 76.8 6.5 6.0 33 11.2 112 
Iraq 46 84.7 3.8 1.9 95 4.9 49 
Bob White S-26 83.6 5.5 2.4 77 6.5 65 
BOWERBIRD 78.5 8.2 9.5 28 14.0 140 
ELLISON 77.7 15.9 15.7 0 20.0 200 
Qalbis 66.2 3.7 1.9 81 5.0 50 
EGA Gregory 76.3 8.3 9.9 16 17.6 176 
control 63.4 4.7 2.8 61 6.6 66 
Attrack 80.3 5.7 2.2 73 7.8 78 
Gold Bhanudas 77.2 4.7 2.5 82 6.0 60 
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Gold 21 81.3 4.7 2.5 102 6.2 62 
Gold 23 80.2 5.5 4.4 59 7.9 79 
Gold vijay 76.7 4.7 2.1 86 5.9 59 
Gregory 72.1 6.2 7.1 24 13.3 133 
Gold Madhukar 75.2 4.7 4.2 57 7.4 74 
Tajan 67.3 9.3 13.2 20 18.1 181 
Trimbak 81.6 4.0 1.6 125 4.6 46 
control 63.4 4.7 2.8 61 6.6 66 
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Appendix 5- Extensograph analysis of germplasm selected from AWCC and GGS (India) 
  
Energy [Cm²] 
Resistance to extension 
(BU) 
Extensibility (mm) Maximum (BU) Ratio Number Ration Number (Max) 
Genotypes 
Absor
ption 
(%) 
30 
min 
60 
min 
90 
min 
30 min 60 min 90 min 
30 
min 
60 
min 
90 
min 
30 
min 
60 
min 
90 
min 
30 
min 
60 
min 
90 
min 
30 
min 
60 
min 
90 
min 
Gabo 94.5 20.0 22.0 18.0 111.0 126.0 111.0 127.0 130.0 104.0 111.0 126.0 112.0 0.9 1.0 1.1 0.9 1.0 1.1 
Lerma Rojo 78.5 24.0 23.0 23.0 100.0 106.0 110.0 186.0 163.0 150.0 112.0 114.0 116.0 0.5 0.7 0.7 0.6 0.7 0.8 
Punjab 7 74.9 25.0 27.0 24.0 188.0 198.0 186.0 91.0 95.0 87.0 193.0 203.0 193.0 2.1 2.1 2.1 2.1 2.1 2.2 
Beyrouth 3 72.6 61.0 54.0 52.0 376.0 355.0 343.0 117.0 110.0 107.0 382.0 358.0 349.0 3.2 3.2 3.2 3.3 3.2 3.3 
D.E.S. 367 72.4 22.0 23.0 24.0 124.0 131.0 146.0 119.0 117.0 109.0 135.0 141.0 154.0 1.0 1.1 1.3 1.1 1.2 1.4 
Greece 25 73.4 54.0 60.0 52.0 337.0 348.0 324.0 109.0 118.0 108.0 353.0 367.0 340.0 3.1 3.0 3.0 3.2 3.1 3.1 
India 37 90.5 20.0 21.0 19.0 112.0 124.0 118.0 122.0 117.0 108.0 128.0 138.0 129.0 0.9 1.1 1.1 1.0 1.2 1.2 
India 259 73.3 25.0 24.0 26.0 98.0 99.0 113.0 172.0 158.0 151.0 99.0 101.0 116.0 0.6 0.6 0.7 0.6 0.6 0.8 
Pelada 73.6 23.0 24.0 28.0 114.0 117.0 139.0 138.0 135.0 131.0 124.0 127.0 150.0 0.8 0.9 1.1 0.9 0.9 1.1 
Giza 139 71.2 46.0 48.0 47.0 315.0 299.0 297.0 102.0 119.0 113.0 315.0 299.0 297.0 3.1 2.5 2.6 3.1 2.5 2.6 
Tunis 24 73.0 28.0 31.0 32.0 128.0 133.0 150.0 158.0 170.0 159.0 139.0 140.0 153.0 0.8 0.8 0.9 0.9 0.8 1.0 
Huandoy 72.0 20.0 22.0 21.0 110.0 118.0 126.0 117.0 124.0 114.0 113.0 122.0 131.0 0.9 0.9 1.1 1.0 1.0 1.2 
NW25A 73.0 64.0 62.0 57.0 407.0 404.0 389.0 111.0 107.0 102.0 413.0 410.0 391.0 3.7 3.8 3.8 3.7 3.8 3.8 
NW51A 78.8 45.0 46.0 47.0 293.0 309.0 324.0 107.0 103.0 98.0 296.0 313.0 326.0 2.7 3.0 3.3 2.8 3.0 3.3 
NW93A 80.8 55.0 48.0 49.0 289.0 302.0 297.0 123.0 110.0 113.0 305.0 314.0 308.0 2.4 2.7 2.6 2.5 2.9 2.7 
NW108A 78.2 62.0 53.0 46.0 356.0 332.0 318.0 128.0 107.0 98.0 359.0 335.0 320.0 2.8 3.1 3.2 2.8 3.1 3.3 
India 211 74.6 37.0 35.0 34.0 189.0 187.0 194.0 131.0 119.0 121.0 195.0 191.0 196.0 1.4 1.6 1.6 1.5 1.6 1.6 
KITE 87.9 38.0 37.0 33.0 221.0 225.0 217.0 121.0 108.0 103.0 222.0 229.0 218.0 1.8 2.1 2.1 1.8 2.1 2.1 
JING HONG NO. 1 74.2 34.0 34.0 29.0 208.0 232.0 210.0 114.0 111.0 102.0 211.0 233.0 211.0 1.8 2.1 2.1 1.8 2.1 2.1 
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Triticum asetivum 
SSP 
Spaerococcum 
84.9 28.0 24.0 22.0 152.0 139.0 133.0 139.0 126.0 109.0 152.0 143.0 140.0 1.1 1.1 1.2 1.1 1.1 1.3 
AMURSKAJA 75 80.0 113.0 134.0 127.0 647.0 811.0 717.0 116.0 113.0 118.0 734.0 896.0 786.0 5.6 7.2 6.1 6.3 7.9 6.7 
Banks 82.6 53.0 45.0 48.0 263.0 225.0 225.0 135.0 129.0 136.0 278.0 243.0 245.0 1.9 1.7 1.6 2.1 1.9 1.8 
SUNCO 83.7 50.0 65.0 50.0 235.0 263.0 228.0 139.0 148.0 131.0 267.0 320.0 270.0 1.7 1.8 1.7 1.9 2.2 2.1 
DOLLARBIRD 82.4 67.0 74.0 82.0 473.0 411.0 519.0 99.0 119.0 108.0 497.0 439.0 543.0 4.8 3.4 4.8 5.0 3.7 5.0 
MARTONVASARI 
13 T 
75.8 41.0 38.0 37.0 258.0 246.0 227.0 108.0 107.0 113.0 259.0 248.0 227.0 2.4 2.3 2.0 2.4 2.3 2.0 
SATURNO 74.6 75.0 61.0 64.0 537.0 434.0 425.0 99.0 99.0 104.0 547.0 440.0 431.0 5.4 4.4 4.1 5.5 4.4 4.1 
Batavia 83.2 58.0 59.0 51.0 321.0 251.0 235.0 121.0 148.0 134.0 345.0 283.0 263.0 2.6 1.7 1.8 2.8 1.9 2.0 
Arnhem 80.7 41.0 43.0 41.0 206.0 204.0 209.0 135.0 139.0 134.0 213.0 212.0 217.0 1.5 1.5 1.6 1.6 1.5 1.6 
Iraq 46 89.2 24.0 21.0 21.0 149.0 152.0 155.0 109.0 101.0 98.0 149.0 153.0 161.0 1.4 1.5 1.6 1.4 1.5 1.6 
Bob White S-26 89.0 36.0 29.0 28.0 224.0 202.0 198.0 109.0 99.0 97.0 229.0 207.0 202.0 2.0 2.0 2.0 2.1 2.1 2.1 
BOWERBIRD 82.4 48.0 46.0 47.0 290.0 261.0 298.0 112.0 115.0 104.0 296.0 272.0 302.0 2.6 2.3 2.9 2.6 2.4 2.9 
ELLISON 79.2 65.0 61.0 65.0 407.0 388.0 386.0 112.0 105.0 112.0 416.0 399.0 402.0 3.6 3.7 3.5 3.7 3.8 3.6 
Qalbis 74.5 17.0 21.0 21.0 95.0 111.0 122.0 117.0 128.0 112.0 117.0 125.0 139.0 0.8 0.9 1.1 1.0 1.0 1.2 
EGA Gregory 79.9 44.0 47.0 44.0 263.0 235.0 242.0 115.0 129.0 119.0 267.0 246.0 250.0 2.3 1.8 2.0 2.3 1.9 2.1 
Attrack 88.1 27.0 26.0 26.0 244.0 220.0 227.0 80.0 84.0 83.0 252.0 224.0 230.0 3.1 2.6 2.7 3.2 2.7 2.8 
Gold Bhanudas 82.0 43.0 40.0 42.0 216.0 218.0 238.0 129.0 121.0 121.0 229.0 226.0 244.0 1.7 1.8 2.0 1.8 1.9 2.0 
Gold 21 88.9 35.0 35.0 28.0 220.0 207.0 175.0 108.0 112.0 115.0 225.0 212.0 180.0 2.0 1.9 1.5 2.1 1.9 1.6 
Gold 23 85.1 37.0 32.0 28.0 309.0 270.0 246.0 86.0 84.0 82.0 311.0 271.0 248.0 3.6 3.2 3.0 3.6 3.2 3.0 
Gold vijay 74.5 46.0 41.0 39.0 210.0 187.0 187.0 144.0 135.0 131.0 220.0 212.0 197.0 1.5 1.4 1.4 1.5 1.6 1.5 
Gregory 76.2 45.0 46.0 41.0 297.0 258.0 258.0 109.0 126.0 107.0 299.0 262.0 260.0 2.7 2.1 2.4 2.7 2.1 2.4 
Gold Madhukar 80.8 24.0 22.0 24.0 119.0 125.0 128.0 137.0 117.0 132.0 119.0 125.0 128.0 0.9 1.1 1.0 0.9 1.1 1.0 
Tajan 74.4 58.0 65.0 79.0 515.0 522.0 550.0 82.0 90.0 102.0 518.0 528.0 563.0 6.2 5.8 5.4 6.3 5.9 5.5 
Trimbak 88.3 31.0 31.0 28.0 165.0 170.0 160.0 137.0 126.0 126.0 165.0 171.0 163.0 1.2 1.4 1.3 1.2 1.4 1.3 
control 72.1 58.0 54.0 53.0 460.0 402.0 376.0 90.0 93.0 97.0 463.0 405.0 379.0 5.1 4.3 3.9 5.2 4.3 3.9 
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Appendix 6- Chapatti quality score of all the wheat germplasms selected from AWCC and GGS (India) 
Genotypes 
Appearance 
(20) 
Handfeel 
(10) 
Texture 
(25) 
Taste 
(25) 
Pliability 
score* (10) 
Puffing 
score* (10) 
Total 
(100) 
Gabo 15.2 6.9 a 17.2 a 16.8 10.0 7.7 73.8 a 
Lerma Rojo 14.1 a 5.2 b 17.8 19.6 a 7.0 7.3 71.0 
Punjab 7 17.9 b 6.9 c 20.6 b 20.7 b 8.7 8.0 82.8 b 
Beyrouth 3 17.2 c 6.8 c 19.7 c 18.6 c 10.0 7.7 80.0 
D.E.S. 367 14.9 d 7.8 d 17.8 d 17.8 d 3.7 6.3 68.3 
Greece 25 14.8 e 6.1 e 20.6 b 20.8 b 5.0 7.7 75.0 c 
India 37 15.1 f 5.2 b 19.7 c 19.6 a 10.0 7.7 77.3 d 
India 259 16.2 5.7 19.6 e 20.5 8.7 7.0 77.7 e 
Pelada 16.8 g 5.8 f 19.7 c 20.7 b 7.3 7.7 78.0 
Giza 139 14.9 d 7.3 17.5 19.6 a 6.7 8.0 74.0 
Tunis 24 15.7 h 6.9 a 16.7 f 19.8 a 10.0 8.0 77.1 d 
Huandoy 15.3 6.8 c 20.1 15.7 e 7.0 8.3 73.2 
NW25A 18.2 i 5.8 f 17.8 d 18.6 c 10.0 7.3 77.7 e 
NW51A 13.2 5.1 g 19.6 e 19.5 a 10.0 6.3 73.7 a 
NW93A 14.1 a 6.3 18.1 19.7 a 10.0 4.3 72.5 f 
NW108A 15.6 5.2 b 16.7 f 17.6 f 8.3 6.0 69.4 g 
India 211 17.1 6.9 a 20.6 b 20.8 b 7.7 8.0 81.1 h 
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KITE 17.8 7.6 21.7 g 20.1 g 9.0 8.3 84.5 i 
JING HONG NO. 1 16.9 7.1 h 19.8 h 20.3 10.0 9.0 83.1 
Triticum asetivum SSP Spaerococcum 15.7 h 5.8 f 17.6 i 20.1 g 10.0 7.7 76.9 
AMURSKAJA 75 13.5 j 5.2 b 16.5 19.8 a 8.7 8.7 72.3 j 
Banks 14.9 d 6.1 e 17.8 d 20.1 g 9.3 8.0 76.2 k 
SUNCO 15.5 6.1 e 16.5 18.9 10.0 8.3 75.3 c 
DOLLARBIRD 16.7 k 6.7 i 16.7 f 18.7 c 10.0 8.3 77.1 d 
MARTONVASARI 13 T 15.7 h 7.1 h 19.9 20.7 b 10.0 8.0 81.4 
SATURNO 14.8 e 6.1 e 17.7 18.6 c 10.0 8.0 75.2 c 
Batavia 16.7 k 5.8 f 17.6 i 17.5 f 10.0 8.7 76.3 k 
Arnhem 15.8 6.2 j 18.6 j 19.6 a 10.0 8.0 78.2 
Iraq 46 17.9 b 6.7 i 19.3 21.4 10.0 9.0 84.3 i 
Bob White S-26 14.1 a 5.1 g 17.1 15.7 e 10.0 7.3 69.3 g 
BOWERBIRD 15.1 f 6.2 j 16.1 16.6 10.0 8.0 72.0 
ELLISON 16.4 5.9 17.2 19.1 h 8.7 8.0 75.3 c 
Qalbis 17.3 7.6 15.8 19.1 h 7.3 8.0 75.1 c 
EGA Gregory 16.8 g 6.2 j 16.7 f 19.5 a 10.0 8.0 77.2 d 
Attrack 14.6 5.8 f 16.8 19.1 h 10.0 6.7 73.0 
Bhanudas 18.1 6.8 c 20.5 20.1 g 10.0 7.3 82.8 b 
Gold 21 17.2 c 6.7 i 19.6 e 19.6 a 10.0 8.0 81.1 h 
Gold 23 16.7 k 7.1 h 19.6 e 19.8 a 10.0 8.0 81.2 h 
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Vijay 16.7 k 7.2 19.7 c 20.1 g 10.0 8.7 82.4 
EGA Gregory 13.5 j 4.8 18.6 j 18.3 9.3 7.7 72.2 j 
Madhukar 18.2 i 7.8 d 19.8 h 20.8 b 10.0 8.7 85.3 
Tajan 14.7 5.1 g 16.9 17.8 d 10.0 8.0 72.5 f 
Trimbak 18.7 7.9 21.7 g 21.1 10.0 8.3 87.7 
Control 18.3 7.1 h 21.1 21.8 10.0 7.3 85.6 
*= there was no difference in the means 
Any mean followed by common alphabet have similar mean, rest of the means are significantly different at 0.05 level of significance. 
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Appendix 7- Correlation analysis of different physico-chemical and rheological parameters of flour, dough and chapatti made 
from germplasm obtained from AWCC and GGS (India) 
 
  MO HD AS hL SED APP HF TEX TST PLI  TS DT STA MTI TTB FQN EN30 EN60 EN90 R30 R60 R90 EX30 EX60 
hL -0.31*  -0.43**                                            
PRO   0.40** -0.55**                                         
HF      0.63**                                      
TEX      0.50** 0.40**                                    
TST      0.47** 0.33* 0.57**                                  
PLI     0.41**                                   
PUF  0.38*    0.35*                                 
TS  -    0.84** 0.60** 0.73** 0.72** 0.38*                              
ABS  0.34*   0.40**     0.40**                             
DT     0.48**  -0.33* -0.37*                               
STA     0.56**  -0.32* -0.42**     0.89**                         
MTI      0.35* 0.39** 0.39**    0.35* -0.64** -0.76**                       
TTB     0.49**  -0.42** -0.42**    -0.31* 0.91** 0.93** -0.78**                     
FQN     0.49**  -0.42** -0.42**    -0.31* 0.91** 0.93** -0.78** -                   
EN30     0.43**  -0.31*      0.45** 0.46** -0.50** 0.47** 0.47**                 
EN60    -0.32* 0.41**  -0.31*      0.48** 0.50** -0.51** 0.50** 0.50** 0.96**               
EN90    -0.30* 0.46**  -0.32* -0.30*     0.45** 0.53** -0.52** 0.49** 0.49** 0.95** 0.98**             
R30     0.45**        0.40** 0.43** -0.46** 0.41** 0.41** 0.93** 0.88** 0.90**           
R60     0.39**        0.34* 0.39** -0.44** 0.38* 0.38* 0.93** 0.95** 0.94** 0.96**         
R90     0.45**  -0.23*      0.37* 0.45** -0.47** 0.40** 0.40** 0.92** 0.92** 0.96** 0.96** 0.98**       
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EX30 0.38**  0.322*  -0.31*             -0.30*   -0.56** -0.49** -0.50**     
EX60 0.34*  0.32*                  -0.48** -0.44** -0.43** 0.86**   
EX90 0.40**                    -0.36* -0.31* -0.30* 0.85** 0.90** 
 
MO=moisture content of the seed, HD= hardness of seed, AS=Ash content of flour, hL= hectolitre weight, PRO= protein content of seed, SED= sedimentation value, 
APP= appearance score of chapatti, HF= hand feel of chapatti, TEX= Texture of chapatti, TST= taste score, PLI= pliability of chapatti, PUF= puffing score of chapatti, 
TS= total score of chapatti, ABS= water absorption of the dough, DT= Development time of the dough, STA= stability of the dough, MTI= mixing tolerance index of the 
dough, TTB= time to break the dough, FQN= farinograph quality number, EN30= energy required for 30 min of proving time, EN60= energy required for 60 min of 
proving time, EN90= energy required for 90 min of proving time, R30= resistance of dough for 30 min of proving time, R60= resistance of dough for 60 min of proving 
time, R90= resistance of dough for 90 min of proving time.
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Appendix 8- EMS induced mutation for mutant population development 
and screening strategy designing for mutant selections 
8.1) Introduction 
Fragrance is a special quality attribute in chapatti. Chapatti has a specific fragrance 
when it is fresh and steaming hot and is an add-on for its quality, hence one of the most 
important quality traits. There has not been substantial research on BADH in wheat, but a 
lot has been researched about the same gene in rice. The fragrance in the basmati or the 
jasmine rice is due to the presence of the mutant BADH gene resulting in a truncated gene 
product. Bradbury et al., (2005) performed genetic mapping and found the fgr homologous 
sequence. BADH2 had an 8 bp deletion mutation and 6 SNPs within the 25 bp region, 
leading to the introduction of a stop codon and resulting in non-functional enzymes and 
thereby elevated levels of 2-acetyl-1-pyrroline in fragrant rice. This is responsible for 
fragrance in most food products. Hence, non-functional BADH2 can be a key to fragrance 
in crops. 
Wheat has 3 sub-genomes A, B and D, all carrying an allele of BADH2. This might 
lead to an allelic buffering if any of the alleles turns non-functional. The BADH2 sequence 
data in the databases show that the gene on sub-genome A has gene length of 5579 bp 
with 14 exons, exon length of 1720bp with ORF of length 1250bp; the gene on sub-genome 
B has gene length 5888 bp with 14 exons, exon length of 1854bp and ORF of length 1340bp; 
the gene on sub-genome D has gene length of 4978 bp with 13 exons, exon length is 1556bp 
and ORF of length 1292bp. Hence, in order to introduce fragrance in wheat, it is essential 
to knock out all the BADH2 allele in each of the sub-genomes. Even a single SNP leading 
to a nonsense codon or truncated gene product in all the alleles of the sub-genomes of 
wheat can lead to a fragrant variety. Hence, a point mutagen causing an SNP and leading 
to a non-functional protein of BADH2 can be used to achieve fragrance in wheat. From this 
perspective, the highly lethal LD 90 dose might lead to a successful mutant population. 
The aim of this experiment was to find the optimal dose that would bring 
approximately 90% lethality in bulk population of promising wheat cultivar from Green Gold 
Seeds, India (GGS 3). The experiment was focussed on bringing about high mutation 
frequency so as to knock out the all the sub-genomic BADH 2 genes in the selected variety. 
The bulk mutant population was later to be screened for mutation and a screening strategy 
was planned.   
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8.2) Materials 
GGS 3 seed sample was collected from GGS seed godown. The germination rate of 
the seed sample was tested in quadruplicate at the GGS quality control lab and was found 
to be 100%. EMS (SIGMA- ALDRICH, liquid) was used for carrying out the point mutation 
in the seed sample.  
Germination boxes were used to germinate the seeds after treatment. A germination 
chamber was used for proper germination of the seeds. A rotary shaker, conical flasks, net 
bags and measuring cylinder were used for the treatment of seeds.  
8.3) Methodology 
An EMS dose response curve was important for finding the lethal dose. This lethal 
dose was aimed for use as a reference for treating the bulk seeds of GGS 3. Hence an 
experiment on a pilot scale using 100 seeds was performed in series to find the lethal dose 
that best suited the procedure to treat and grow the GGS 3 bulk population to obtain a 
mutant population.   
8.3.1) Experiment 1 
The first experiment was a pilot scale experiment to find the response of the seeds 
to treatment and germination and also growing the germinated seeds in fields. Seeds were 
treated with a varying concentration gradient from 0 to 70 mM with volume of 1ml of EMS 
solution per seed treatment. 
8.3.1.1) Procedure 
1) Take 11 flasks label 10mM to 60mM and a Control 
2) Put 100 seeds each in the flask and add 100 ml of millipore water into it. 
3) Pre-soak the seeds for 8 hours on an orbital shaker set at 90 rpm at room 
temperature 
4) Remove the water and add freshly prepared EMS solutions of varying 
concentrations and label them. 
5) Treat the seeds and keep on the orbital shaker at 70 rpm for 16 hours 
6) After treatment, wash the seeds for 8 hours under running tap water. 
7) After washing, put the seeds into germination boxes at 26 °C to observe the 
germination rate. 
8) Plant the germinated seeds into fields  
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8.3.1.2) Results 
The seeds showed germination in the germination boxes but died when removed 
from the germination boxes and sown out in the field. Hence, the treated plants were too 
weak to withstand the harsh outer environment. Figure 9 shows the response of the seeds 
after treatment. 
 
Figure 9- Growth response of EMS treated seeds in germination boxes. 
 
Table 14- Germination response of wheat seeds in germination box after treatment 
Concentration of EMS in mM no. of seeds treated No. of seeds germinated 
0 100 100 
10 100 100 
20 100 76 
30 100 55 
40 100 20 
50 100 13 
60 100 9 
70 100 0 
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The factors for variable growth in germination box and field probably were the soil or the 
temperature. The 60mM concentration still gave 9 germinated plants and hence an extra set 
for 70mM concentration of EMS was later done and no germination was found for 70mM 
EMS concentration (Table 14). 
A growth curve was obtained from the observed germination rate, which is shown in 
Figure 10. This curve was used to narrow down the EMS concentration to get the mortality 
rate near 90% and avoid using higher gradients. A 50- 60 mM concentration gradient was 
then found to be suitable to get the mortality rate of 90%. The seeds grown in the germination 
chamber did not survive after 15-18 days and the conditions did not favour the growth of the 
treated seeds.  
 
Figure 10- EMS growth response curve for seeds grown in germination boxes. 
8.3.2) Experiment 2 
8.3.2.1) Procedure 
 Experiment 2 was designed to better suit growth of the treated seeds in the fields and 
to observe their difference from that surviving in the germination boxes. The experiment was 
repeated as done in Experiment 1, the only difference being that two sets were prepared: 
one to be grown in germination boxes and the other to be sown in fields. Based on the 
observations of experiment 1, the gradient of EMS concentration was limited to 55 mM. 
8.3.2.2) Results 
The seeds grown in the germination boxes did not survive after 15-20 days, nor after 
being transferred into field. The seeds treatment data from the germination boxes did not  
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Table 15- Comparison of germination in germination box and in field 
Grown in germination box Grown in field 
Concentration 
of EMS 
No. of 
seeds 
treated 
No. of 
seeds 
germinated 
 
EMS 
concentration 
(mM) 
No. of 
seeds 
treated 
No. of 
seeds 
germinated 
0 50 50  0 100 100 
10 50 49  10 100 63 
20 50 39  15 100 55 
30 50 20  20 100 40 
40 50 12  25 100 37 
50 50 7  30 100 20 
60 50 4  35 100 9 
70 50 0  40 100 0 
    45 100 0 
    50 100 0 
    55 100 0 
  
 
 
 
 
Figure 11- EMS growth response curve for seeds sown and germinated in field. 
133 
 
 
yield viable plants; however, the seeds sown in fields gave germination and growth after two 
weeks of sowing. So the growth response curve directly from the field proved worthy (Table 
15).  From the growth response obtained in seeds sown in fields, a growth response curve 
was obtained. A quadratic equation was obtained based on the curve through MS-Excel. 
From the equation, LD 50 of EMS was found to be 16.83 mM and LD 90 was found to be 
34.97 mM (Figure 11).   
 
8.3.4) Experiment 3 
8.3.4.1) Procedure 
 The TKW at room temperature of the seeds were calculated in triplicate and found to 
be 43.24 g. The aim of the experiment was to obtain a treatment that would yield 1000 
mutant plants. With reference to the TKW, 432.4g was proposed, in order to give a 1000 
viable mutant population. 100gm of seeds were treated in 1000ml of 35mM EMS solution 
and the treatment was repeated until 432.4g of seeds were treated. The seeds were taken 
in a circular shallow cylinder, and kept on an orbital shaker at 18 rpm to maintain a uniform 
treatment of EMS to the seeds without damaging the seeds. The rest of the experiment 
followed the procedure for Experiment 1 and the seeds were sown in the fields immediately. 
The field was sprinkled and irrigated on the day of sowing and for the next two weeks.  
8.3.4.2) Results 
 From among the sown seeds, 1168 viable plants were obtained, which matured and 
flowered to provide spikes. The treatment gave a result of LD 88.32, which was very close 
to LD 90. The treatment to GGS 3 was successful and the spikes were harvested. These 
mutant lines were to be screened for identification of the mutant lines and hence, the apical 
leaves of 20 days old plants were cut and preserved under -20°C and stored in a polythene 
bag. Hence, the sample was successfully treated to obtain a viable population of the desired 
mutation.  
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Appendix 9- Strategy for screening the BADH 2 mutant lines 
 
9.1) Background information 
 The phenotypic screening of the BADH2 mutant is almost impossible at M3 stage, as 
any of the functional BADH2 gene would code for the Badh2 protein and negate the mutation 
effect on mutant sequences. Hence, the phenotypic screening was unavailable and a 
genotypic screening strategy needed to be framed. The genotypic screening of the mutant 
lines can be done on any generation of the mutant line from M1 to M3. The logic behind the 
screening is that, from the given mutant seed, at the M1-generation, if you pick one M1-
seed for screening, then you have a 75% chance (based on the ratio of mutant lines as 
shown in Figure 12) of picking a mutant line and within that you have a 66% chance of 
picking a heterozygote mutant line. 
 
Figure 12- Details of genotype of mutant lines at M1 generation. 
The strategy for identifying a mutation at any given nucleotide position by Next 
Generation Sequencing (NGS) would involve a strategy of amplifying the BaDH2 gene, a 
strategy for sequencing the amplicons, followed by detecting the mutation when compared 
to the native/wild-type BaDH2 gene sequence of each of the sub-genomes. In addition, it is 
important that true mutation-related variants are discovered and not confused with 
sequencing error-related variants. The Illumina Sequence Platform error rate has been 
reported to be as high as 0.4% at any given nucleotide position. To be very conservative 
you can assume that the sequencing platform error rate to be 1% at any given nucleotide 
position. This implies that the sequencing platform error rate will lead to a variant nucleotide 
at that corresponding position with a variant frequency of 1%. Thus it needs to be ensured 
that the sequencing depth should be at least 100 and the expected mutation-related variant 
frequency should be at least 3% or more to distinguish it from the 1% sequencing platform 
error-related variant frequency. 
135 
 
 
As wheat is a hexaploid, the amplification of the BaDH2 genes from a mutant line at 
a heterozygote state of the sub-genome can lead to amplification from six BaDH2 templates 
sources (two from each sub-genome). However, you can use sub-genome-specific BADH2 
primers to amplify the BADH2 gene from each of the sub-genomes in separate PCR tubes. 
Hence, assuming a single mutant nucleotide is present in only one of the sub-genomes (as 
shown in Figure 12), then 50% of the amplified BADH2 band will consist of the mutant 
amplicons. Thus, the sub-genome-specific amplified BADH2 DNA from one sample when 
sequenced will represent a mutation-variant-related frequency of 50%, and this frequency 
is, as required, much higher than the required mutation-related variant frequency of 3% or 
more.  Thus, you can reduce the cost of screening if the M1-DNA samples are bulked, 
provided the consequence of bulking the M1-DNA does not lead to the mutation-related 
variant frequency of less than 3%. The question is DNA of how many M1-lines can be bulked 
to save cost and obtain a conclusive result from identifying a mutant line? Data in Appendix 
15 indicate that bulking of fourteen or fifteen M1-DNA can lead to a mutation-related 
frequency of 3.57% and 3.33% respectively, which meets the required mutation-related 
frequency of 3% or more. Hence, considering the sequence- platform error rate, cost 
efficiency, and potency of a screening strategy, this following strategy was framed for 
identifying mutation at genome A, B or D.  
Thus, the strategy would Involve the bulking the DNA from fourteen or fifteen M1-
lines (BULK-M1-Line) with a sequencing depth of 1000X or more at any given nucleotide 
position, thus ensuring that the mutation-related variants of 3.57% or 3.33% respectively 
can be clearly distinguished from the sequencing platform error-related variants of 1%. It 
would be better to bulk fourteen M1-DNA samples to prepare each BULK-M1-Line sample. 
Hence, for 1000 M1-lines, we can have 70 BULK-M1-Lines (B1 to B70), each consisting of 
14 Bulked DNA of M1-lines and 2 BULK-M1-lines (B71 and B72) each consisting of 10 
bulked DNA of M1-lines. This would lead to increased accuracy of results and reduced 
validation related costs.  
Primers will be designed to amplify each of the sub-genome specific BADH2 genes 
from each Bulk-M1-line DNA, which can then be sequenced to identify the mutation/s. The 
amplicons of each sub-genome of a Bulk-M1-line will be indexed with a unique signature 
tag, thus allowing the sequences to be assigned to a sub-genome of a specific Bulk-M1-
line. Consequently, a mutant-related variant, if identified, can then be assigned to sub-
genome –A or –B or –D of a specific Bulk-M1-line.  
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9.2) Procedure for finding the putative mutants 
 
9.2.1) DNA extraction and sequencing 
 
1. Extract DNA from all 1000 M1 samples (M1-1 to M1-1000) and estimate the DNA 
concentration. 
2. Take an aliquot of the M1 DNA and adjust the concentration to 50ng/ul in a total 
volume of 100 ul. These samples are referred to as 50-dil-M1-DNA and there should 
be 1000 such samples (D1 to D1000).  
3. Carry out the following steps for the preparation of the first thirty Bulk-M1-DNA 
samples (B1 to B70) as follows. For B1 sample preparation take 20ul each of DNA 
D1 to D14 and gently mix. Likewise, for B2 sample preparation take 20ul each of 
DNA D15 to D28 in a tube and gently mix. Continue these steps to prepare samples 
B3 to the B70 sample.  
4. Carry out the following steps for the preparation of the B71 and B72 samples. For 
samples B71 and B72, in separate tubes take 20ul each DNA of D981 to D990 and 
of D991 to D1000 respectively and then gently mix.  
5. Prepare one sample representing the wild type DNA at 50ng/ul. 
6. Use each of the 31 BULK-M1-DNA samples (or you could use all the 72 BULK-M1-
lines if you can afford the costs) in separate PCR reactions to amplify sub-genome 
specific BaDH2. Use sub-genome-specific primer pairs. Thus for each B sample, you 
will have three PCR tubes; one for each sub-genome BaDH2 amplification. 
7. Check that the sub-genome-specific BaDH2 bands of the expected size/s are 
amplified. If not, modify the PCR conditions or redesign primer sets. 
8. Check for the yield of the expected PCR bands by taking an aliquot of the PCR 
reaction for an Agarose gel run. The amount of amplified product should be close to 
500 to 1000 ng. 
9. Purify the amplified product using AMPURE kits and check for the purified product by 
taking an aliquot for another gel run. Ensure you have close to 500 ng or more of the 
purified amplified product. 
10. Purified amplicons can then be provided to the sequencing provider for indexing, 
using the Illumina Nextera-XT kit and then sequencing all indexed samples in one 
lane. 
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9.2.2) PCR amplification of sub-genome specific BADH2 alleles 
Wild type sub-genome specific BADH2 sequences were found and sub-genome 
specific primers were designed that would amplify the BADH2 genes in the sub-genome. 
Appendices 16, 17 and 18 show the complete A, B and D sub-genomic BADH2 sequences, 
and their primer locations. The following are details of the BADH2 sub-genome-specific 
BADH2 template DNA, sub-genome-specific primers and expected amplified products. 
Details of Tm for use in PCR will be based on the Proof Reading Taq and its buffer 
concentration.  
9.2.2.1) Amplification of the BADH2 gene from the A-genome of wheat 
Based on the forward and the reverse primers designed, the set of primer BADH2 
AR1 amplifying the BADH2 at sub-genome A, one amplicon was expected with a size of 
4528 bp (Figure 13).  
 
Figure 13 : BADH2 gene structure from the A-genome in wheat. Location of forward 
and reverse primers is shown. 
 
9.2.2.2) Amplification of the BADH2 gene from the B-genome of wheat 
Based on the forward and the reverse primers designed, the set of primer BADH2 
BR1 amplifying the BADH2 at sub-genome B, four amplicons were expected with a size of 
5117 bp, 5521bp, 5004 bp and 54.8 bp (Figure 14). 
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Figure 14 : BADH2 gene structure from the B-genome in wheat. Locations of 
forward and reverse primers are shown. 
 
9.2.2.3) Amplification of the BADH2 gene from the D-genome of wheat 
Based on the forward and the reverse primers designed, the set of primer BADH2 
DR1 amplifying the BADH2 at sub-genome B, two amplicons were expected with a size of 
4532 bp and 4746 bp (Figure 15). 
 
 
Figure 15- BADH2 gene structure from the D-genome in wheat. Locations of forward 
and reverse primers are shown. 
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9.3) Conclusion 
This PCR based strategy can be used as the most efficient screening strategy, to 
screen any mutant population from the M1 population onwards. Since the strategy is PCR 
based, all of the sub-genome specific mutant alleles can be identified. The screening 
strategy is robust, time and cost efficient and can be used in mutational breeding to carry 
out the plans for selection of the mutatant lines. This can help you plan in establishing a line 
that can carry all the sub-genome specific mutant BADH2 alleles.  
 
